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AUTOMATIC PATH DELAY CORRECTIONS TO GOES SATELLITE T I M E  BROADCASTS 

J. V .  Cateora, D. W .  Hanson, and D. D. Davis 

I n  suppor t  o f  the  env i ronmenta l  da ta  c o l l e c t i o n  by the  N a t i o n a l  Oceanic and Atmospheric 
A d m i n i s t r a t i o n ' s  (NOAA's) Geosta t ionary  Opera t iona l  Environmental Sate l  1 i t e s  (GOES), a 
t ime code has been incorpora ted  i n t o  an i n t e r r o g a t i o n  message f rom these s a t e l l i t e s  by 
t h e  N a t i o n a l  Bureau o f  Standards (NBS). Th is  message i s  d i r e c t e d  t o  d a t a - c o l l e c t i o n  
p l a t f o r m s  engaged i n  se ismic,  tsunami, hydromet and o t h e r  r e l a t e d  m o n i t o r i n g  a c t i v i t i e s .  
The NBS has developed t h i s  t ime-code system t o  serve env i ronmenta l  da ta  users who r e q u i r e  
o n l y  a few t e n t h s  o f  a second accuracy as w e l l  as those who need a more accura te  t ime 
reference.  

The t ime code i s  a v a i l a b l e  c o n t i n u o u s l y  from two g e o s t a t i o n a r y  s a t e l l i t e s  and prov ides  
a coverage o f  t h e  A t l a n t i c  and P a c i f i c  Ocean Basins as w e l l  as t h e  N o r t h  and South 
American Cont inents .  The t ime code inc ludes  the  necessary i n f o r m a t i o n  t o  compensate f o r  
free-space propagat ion  de lays  between the  master c l o c k  loca ted  a t  Wallops I s l a n d ,  V i r g i n i a ,  
and t h e  user .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  a t i m i n g  r e s o l u t i o n  o f  10 p s .  

The t ime-code system i s  suppor ted by atomic c l o c k s  main ta ined a t  Wallops Is land,  V i r g i n i a ,  
t h e  p o i n t  o f  o r i g i n  f o r  a l l  s i g n a l s  t o  be sent  through the  s a t e l l i t e s .  A da ta- logg ing  system 
moni to rs  t h r e e  t e l e v i s i o n  networks and Loran-C t o  p r o v i d e  a comparison l i n k  between the  
Wallops I s l a n d  c l o c k s  and reference standards a t  the  NBS.  

A microprocessor  "smart" c ) o c k  has been developed f o r  the  user  t h a t  a u t o m a t i c a l l y  c o r r e c t s  
f o r  p a t h  and equipment de lays  and p laces  i t s  recovered t ime i n  synchronism w i t h  Coord inated 
Un iversa l  Time (UTC) generated by NBS. Th is  c l o c k ,  assoc ia ted  recovery equipment, and mea- 
sured r e s u l t s  a r e  d iscussed i n  d e t a i l  i n  t h i s  r e p o r t .  

Key Words: Broadcast; de lay  c o r r e c t i o n ;  microprocessor ;  s a t e l l i t e ;  s c i e n t i f i c  c a l c u l a t i o n s ;  
t ime o f  year. 

1 . I NTRODUCT I ON 

A t ime code has been added by t h e  N a t i o n a l  Bureau o f  Standards (NBS) i n t o  a communications channel 
between the  N a t i o n a l  Oceanic and Atmospheric A d m i n i s t r a t i o n ' s  (NOAA's) Geosta t ionary  Opera t iona l  Env i -  
ronmental S a t e l l i t e s  (GOES) and remote env i ronmenta l  da ta-ga ther ing  p l a t f o r m s .  The t ime code i s  con- 
t i n u o u s l y  a v a i l a b l e  throughout  t h e  e n t i r e  Western Hemisphere, o f f e r i n g  easy a c c e s s i b i l i t y  and moderate ly  
h i g h  accuracy a t  low cos t .  The t ime code conta ins  Coord inated Un iversa l  Time (UTC) i n f o r m a t i o n  and 
Un iversa l  Time (UTI) c o r r e c t i o n s .  I n  a d d i t i o n  t o  the  t ime code, the  s a t e l l i t e ' s  p o s i t i o n  i s  inc luded 
f o r  free-space propagat ion  t i m e  c o r r e c t i o n s .  These p o s i t i o n  da ta  a r e  p r e s e n t l y  i n  t h e  fo rm of t h e  s a t -  
e l l i t e ' s  long i tude,  l a t i t u d e ,  and range from the  e a r t h ' s  c e n t e r .  The UTC and UT1 i n f o r m a t i o n  i s  a per -  
manent f e a t u r e  o f  these s a t e l l i t e s  and w i l l  remain f i x e d  i n  format .  The s a t e l l i t e  p o s i t i o n  i n f o r m a t i o n  
may undergo changes i n  form t o  improve i t s  performance. 

2. GOES SYSTEM DESCRIPTION 

There a r e  t h r e e  GOES s a t e l l i t e s  i n  o r b i t .  two i n  o p e r a t i o n a l  s t a t u s  and t h e  t h i r d  s e r v i n g  as an i n -  
o r b i t  spare. 
long i tude.  The e a r t h  coverages a r e  shown i n  f i g u r e  1. 

The two o p e r a t i o n a l  s a t e l l i t e s  a r e  loca ted  a t  135OW and 75OW w i t h  t h e  spare a t  105OW 

The miss ion  f o r  t h e  GOES s a t e l l i t e s  inc ludes  ( I )  cont inuous photography o f  the  e a r t h ' s  sur face,  
( 2 )  c o l l e c t i o n  o f  da ta  on t h e  space env i ronmenta l  Sun/Earth i n t e r a c t i o n ,  and ( 3 )  c o l l e c t i o n  o f  remote- 
sensor da ta  i n c l u d i n g  f l o o d ,  r a i n ,  snow, tsunami, earthquake, and a i r / w a t e r  p o l l u t i o n  m o n i t o r i n g .  I t  i s  
i n  t h i s  t h i r d  f u n c t i o n  t h a t  a need f o r  a t ime code was r e a l i z e d  s i n c e  i n  many cases, t h e  da ta  a r e  o f  
g r e a t e r  va lue  i f  labe led  w i t h  t h e  da te  as they a r e  c o l l e c t e d .  

Some o f  these remote sensors a r e  equipped w i t h  bo th  a r e c e i v e r  and t r a n s m i t t e r .  Upon command f rom 
the  s a t e l l i t e ,  these sensors, c a l l e d  d a t a - c o l l e c t i o n  p l a t f o r m s  (DCP's), a r e  a c t i v a t e d  t o  t r a n s m i t  s t o r e d  
da ta  t o  t h e  s a t e l l i t e .  
s t a t i o n  a t  Wallops Is land,  VA, f o r  p rocess ing  and d isseminat ion  t o  users.  The communications channel 
used t o  a c t i v a t e  t h i s  response i s  c a l l e d  the  i n t e r r o g a t i o n  channel. Th is  channel i s  c o n t i n u o u s l y  
r e l a y i n g  i n t e r r o g a t i o n  messages through the  s a t e l l i t e s .  I t s  format  i s  shown i n  f i g u r e  2. 

The s a t e l l i t e  r e l a y s  these da ta  t o  t h e  NOAA Command and Data A c q u i s i t i o n  (CDA) 

The i n t e r r o g a t i o n  message i s  e x a c t l y  o n e - h a l f  second i n  l e n g t h  o r  50 b i t s ,  the  da ta  r a t e  be ing 
100 b/s. The i n t e r r o g a t i o n  message i s  b i n a r y  and phase modulates a c a r r i e r  C 60 degrees a f t e r  be ing 
Manchester-encoded; i.e., da ta  and d a t a  c l o c k  a r e  modulo-2 added b e f o r e  modu la t ing  t h e  c a r r i e r .  A n  
i n t e r r o g a t i o n  message c o n s i s t s  o f  t h e  f i r s t  f o u r  b i t s  r e p r e s e n t i n g  a BCD word o f  t h e  t ime code beg inn ing  
on t h e  one-ha l f  second f o l l o w e d  by a maximum l e n g t h  sequence (MLS) 15 b i t s  i n  l e n g t h  f o r  message syn- 
c h r o n i z a t i o n  and ending w i t h  31  b i t s  as an address f o r  a p a r t i c u l a r  DCP. When a DCP rece ives  and rec-  
ognizes i t s  un ique address, i t  t r a n s m i t s  i t s  da ta  t o  t h e  s a t e l l i t e .  S i x t y  i n t e r r o g a t i o n  messages are  
r e q u i r e d  t o  send t h e  60 BCD t ime-code words c o n s t i t u t i n g  a t ime-code frame. The time-code frame begins 
on the  one-hal f  minute and r e q u i r e s  30 seconds t o  complete. 
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3. TIME CODE SYSTEM 

The t ime code i s  generated and i n t e g r a t e d  i n t o  t h e  i n t e r r o g a t i o n  message a t  t h e  CDA f o r  t ransmiss ion  
t o  t h e  GOES s a t e l l i t e s .  The time-code genera t ion  system, shown i n  f i g u r e  3, i s  comple te ly  redundant and 
f u l l y  supported by an u n i n t e r r u p t a b l e  power supply .  There i s  a communication i n t e r f a c e  between the  equip-  
ment and NBS/Boulder us ing  a te lephone l i n e .  Over the  te lephone l i n e ,  s a t e l l i t e  p o s i t i o n  i n f o r m a t i o n  i s  
sent  t o  t h e  CDA and s t o r e d  i n  memory f o r  eventua l  i n c o r p o r a t i o n  w i t h  t h e  t ime code and i n t e r r o g a t i o n  
message. Data a r e  a l s o  r e t r i e v e d  from t h e  CDA v i a  t h e  te lephone l i n e  t o  Boulder. These da ta  i n c l u d e  the  
f requency o f  t h e  atomic o s c i l l a t o r s  and t h e  t ime o f  the  c l o c k s  r e l a t i v e  t o  UTC as compared t o  TV t r a n s -  
miss ions  from Nor fo lk ,  VA, and t o  t h e  Loran-C t ransmiss ions  f rom Cape Fear, N o r t h  Caro l ina .  These da ta  
a r e  s t o r e d  f o r  r e t r i e v a l  i n  a da ta  logger  s i m i l a r  t o  t h a t  descr ibed i n  re fe rence [ I ] .  The data  logger  
a l s o  measures and s t o r e s  t h e  t ime of a r r i v a l  o f  t h e  s i g n a l s  f rom b o t h  t h e  Western and Eastern G O E S  s a t -  
e l l i t e s  as rece ived a t  t h e  CDA. 
p rov ides  t h e  i n f o r m a t i o n  necessary f o r  NBS s t a f f  a t  Boulder  t o  remote ly  determine i f  and where mal func-  
t i o n s  e x i s t  and how t o  c o r r e c t  f o r  them by s w i t c h i n g  i n  redundant system components. 

Besides the  t ime and frequency m o n i t o r i n g  f u n c t i o n s ,  t h e  d a t a  logger  
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FIGURE 3. TIME CODE GENERATION EQUIPMENT AT THE CDA WALLOPS ISLAND, V I R G I N I A  

The i n t e r r o g a t i o n  message r a t e ,  100 b/s, i s  generated by t h e  atomic o s c i l l a t o r s  i n  t h e  t ime-code 
system. The t ime-code frame repeats  every 30 seconds and begins on the  o n e - h a l f  m inu te  as shown i n  
f i g u r e  4. The t ime-code frame c o n t a i n s  a s y n c h r o n i z a t i o n  word, a t ime-o f -year  word (UTC), t h e  UTI c o r -  
r e c t i o n ,  and t h e  s a t e l l i t e ' s  p o s i t i o n  i n  terms o f  i t s  l o n g i t u d e ,  l a t i t u d e ,  and r a d i u s .  The p o s i t i o n  
in fo rmat ion  i s  p r e s e n t l y  updated o n l y  on t h e  h a l f  hour. 

FIGURE 4. TIME CODE FORMAT 
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The s a t e l l i t e  p o s i t i o n  i n f o r m a t i o n  i s  generated a t  Boulder u s i n g  a CDC 6600 computer and o r b i t a l  
elements f u r n i s h e d  by NOAA's N a t i o n a l  Environmental  S a t e l l i t e  Se rv i ce  (NESS). 
b i t a l  e lements weekly f rom da ta  ob ta ined  from t h e i r  t r i l a t e r a t i o n  range and range r a t e  (RbRR) t r a c k i n g  
network.  T h i s  ne twork  i s  i l l u s t r a t e d  i n  f i g u r e  5. The t r a c k i n g  d a t a  a r e  ob ta ined  by measuring t h e  RERR 
t o  t h e  Western s a t e l l i t e  f rom t h e  CDA, and s i t e s  i n  t h e  s t a t e s  o f  Washington and Hawai i .  The Eastern  
s a t e l l i t e  i s  observed from t h e  CDA, Sant iago, Ch i l e ,  and Ascension I s l a n d  i n  t h e  South A t l a n t i c .  The 
s i t e s  used i n  t h e  RbRR ne twork  o t h e r  than t h e  CDA a r e  known as tu rn-around rang ing  s t a t i o n s  (TARS). 

NESS generates these o r -  

FIGURE 5. TRACKING NETWORK FOR THE GOES SATELLITES 
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4. R E C E P T I O N  

The i n t e r r o g a t i o n  channel s i g n a l s  a r e  b r i e f l y  cha rac te r i zed  i n  f i g u r e  6. Typ ica l  antennas i n c l u d e  
s imple low-gain h e l i x e s  o r  yag is .  A b lock  diagram o f  t h e  r e c e i v e r  i s  shown i n  f i g u r e  7. I t  i s  shown i n  
f i g u r e  8 as t h r e e  modules: an R F / I F  module, an l o c a l  o s c i l l a t o r  i n j e c t i o n  module, and a demodulator 
module. T h i s  r e c e i v e r  i s  a coherent,  synchronous d i g i t a l  r e c e i v e r  u t i l i z i n g  a phase- lock loop f o r  
demodulat ion and l o c a l  o s c i  \ l a t o r  genera t i on  and a b i t  synchronizer  f o r  d e t e c t i o n  purposes. 

~ EASTERN S A T E L L I T E  1 
F R EQU ENC Y ~ 468.8375 MHz I 

POLAR I ZAT I ON 

MODULATION 

DATA RATE 

COD I NG 

BANDW I DTH 

S A T E L L I T E  LOCATION 

MANCHESTER MANCHESTER 

400 H z  400 Hz 

S I G N A L  STRENGTH 
(OUTPUT FROM 

I SOTROP I C  ANTENNA) 

WESTERN S A T E L L I T E  

468.8250 MHz 

RHCP 

CPSK (+ 60") 

100 BPS 

135" W 

-139 dBm 

I 

100 BPS 

75" w I 
-139 dBm 

F I G U R E  6. INTERROGATION CHANNEL S I G N A L  C H A R A C T E R I S T I C S  

~ N T E N N A  I N J E C T I O N  FREQUENCY I N J E C T I O N  FREQUENCY 

4 2 2 . 1 5  M H z  + 4 1 . 8 3 6  M H z  

J. 

w 
P H A S E  L O C K E D  L O O P ,  

E N D  O R D E R ,  H I G H  G A I N  

D A M P I N G :  0 . 7 0 7  D E M O D U L A T O R :  P H A S E  

L O C K E D  L O O P .  2 N O  O R D E R  L O O P  B A N D W I O T H :  6 . 9  H z  
L O W  G A I N  

L O O P  B A N D W I D T H :  1 3  H z  

N O I S E  B A N D W I D T H :  E O  H z  

S T E A D Y  S T A T E  E R R O R :  5 l o 6  
F R E Q U E N C Y  T R A C K :  t 5 k H z  

F I G U R E  7. INTERROGATION CHANNEL R E C E I V E R  BLOCK DIAGRAM 
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FIGURE 8. INTERROGATION CHANNEL R E C E I V E R  

The ou tpu ts  o f  t h e  r e c e i v e r  da ta ,  and da ta  c l o c k  a r e  t h e  i n p u t s  t o  a decoder c l o c k  (see re fe rence  
[2 ]  f o r  a complete d e s c r i p t i o n  o f  t h i s  c l o c k ) .  The decoder c l o c k  shown i n  f i g u r e  9 uses a f o u r - b i t  m ic ro -  
p rocessor  t o  d e m u l t i p l e x  t h e  da ta ,  e x t r a c t  t h e  proper  f o u r  b i t s  o f  t h e  t ime  code every  one -ha l f  second, 
and r e c o n s t r u c t  t he  time-code frame. Once decoded, t h i s  t ime  i s  loaded i n t o  Random Access Memory (RAM) 
and updated by inc rement ing  t h e  RAM c l o c k  i n  IO-ms s teps  by coun t ing  t h e  da ta  c l o c k ,  a 100-Hz squarewave. 
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FIGURE 9. DECODER CLOCK 

5. DELAY COMPUTATION 

A p r o t o t y p e  o f  a "smart" c l o c k  i s  shown i n  f i g u r e  10. The de lay  c a l c u l a t o r  i s  shown i n  f i g u r e  1 1 .  
Th is  i s  e s s e n t i a l l y  an a d d i t i o n  o f  a second microprocessor  t o  t h e  decoder c l o c k  f o r  t h e  c a l c u l a t i o n  o f  
t h e  free-space propagat ion  de lay  f rom t h e  CDA t o  t h e  c l o c k  v i a  t h e  s a t e l l i t e .  T h i s  de lay  va lue  i s  then 
used w i t h  a d e l a y  genera tor  t o  compensate f o r  t h e  f ree-space p a t h  delay.  
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FIGURE 10. SMART CLOCK 

FIGURE 1 1 .  DELAY CALCULATOR 

a 



The "smart" c l o c k  uses t h e  same t ype  o f  f o u r - b i t  m ic roprocessor  as the  decoder c l o c k .  The m ic ro -  
processor i s  i n t e r f a c e d  t o  a l a r g e  sca le  i n t e g r a t i o n  s c i e n t i f i c  c a l c u l a t o r  a r r a y  (math c h i p )  t o  
p rov ide  the  f l o a t i n g  p o i n t  a r i t h m e t i c  and mathematical  f u n c t i o n s  requ i red  i n  the  delay c a l c u l a t i o n .  
A I -pps ou tpu t  and s a t e l l i t e  p o s i t i o n  as l ong i tude ,  l a t i t u d e ,  and r a d i a l  d e v i a t i o n  f rom a re fe rence  
o r b i t  i s  obta ined con t inuous ly  f rom t h e  decoder c l o c k  o p e r a t i n g  on the  s a t e l l i t e ' s  t r a n s m i t t e d  
i n t e r r o g a t i o n  channel s i g n a l .  User p o s i t i o n  i s  entered i n t o  the  system v i a  thumbwheel swi tches,  and 
t r a n s m i t t e r  p o s i t i o n  (Wal lops I s land ,  VA) i s  conta ined i n  the  mic roprocessor  sof tware.  The computed 
delay d r i v e s  a programmable de lay  generator  t o  c o r r e c t  t he  1 pps f rom the  decoder c lock .  The r e s u l t a n t  
ou tpu t  f rom the  programmable delay generator  i s  a compensated 1 pps, ad jus ted  t o  be i n  agreement w i t h  
the  master c l o c k  a t  Wal lops I s land ,  which i s  re ferenced t o  UTC(NBS). The hardware i s  a mu l t i p rocesso r  
system c o n s i s t i n g  o f  two microprocessors p l u s  a s laved s c i e n t i f i c  c a l c u l a t o r  c h i p  and a de lay  generator  

The delay c a l c u l a t i o n  i s  dependent on knowledge o f  t he  broadcast ing s a t e l l i t e ' s  p o s i t i o n .  Th is  
p o s i t i o n  i s  p r e d i c t e d  i n  advance by a l a r g e  sca le  s c i e n t i f i c  computer o p e r a t i n g  on o r b i t a l  elements 
ob ta ined  from NOAA and sent t o  Wallops I s l a n d  v i a  te lephone land l i n e  t o  be broadcast a long w i t h  encoded 
t ime  from each s a t e l l i t e .  The delay c o r r e c t i o n  system w i l l  work w i t h  any s a t e l l i t e  i n  a synchronous 
o r b i t  as long as the s a t e l l i t e ' s  p o s i t i o n  i s  known. A c a l c u l a t i o n  i s  made and the  r e s u l t  i s  l a t ched  
i n t o  the  delay generator  once per minute.  A complete up and down delay c a l c u l a t i o n  requ i res  the  execu- 
t i o n  o f  about 200 key s t rokes  rep resen t ing  data and mathematical  ope ra t i ons  and f u n c t i o n s  under the 
c o n t r o l  o f  t he  mic roprocessor  and i t s  assoc iated t rans  i s t o r - t  rans i s t o r -  1 og i c (TTL) components. 

6. MATHEMATICAL CONSIDERATIONS 

The mathematics o f  t he  path-delay c a l c u l a t i o n  r e q u i r e  s o l v i n g  f o r  l e n g t h  r i n  the geometry o f  f i g -  
u r e  12; t h a t  i s ,  t he  f ree-space propagat ion pa th  between any p o i n t  on the  e a r t h ' s  su r face  and a geo- 
s t a t i o n a r y  sate1 1 i t e  (see re fe rence  131 f o r  a more complete d i scuss ion  o f  t he  c a l c u l a t i o n ) .  

O B S E R V I N G  SITE 
( A o .  0,) 

P O I N T  

FIGURE 12. EARTH SATELLITE GEOMETRY FOR SLANT RANGE CALCULATION 

R e f e r r i n g  t o  f i g u r e  12 and us ing p lane  t r i gonomet ry :  

I 
r =)lR2 + h2 - 2Rh cos 8 ,  

where r i s  t h e  range from any p o i n t  on the e a r t h ' s  su r face  t o  t h e  s a t e l l i t e ,  R i s  t he  d i s t a n c e  from the  
s e t e l l i t e  t o  the  cen te r  o f  the ea r th ,  h i s  t he  d i s t a n c e  from the  r e c e i v e r  t o  the  cen te r  o f  t he  e a r t h ,  
and 6 i s  t he  c e n t r a l  ang le  between the s u b s a t e l l i t e  p o i n t  and the  g iven p o i n t .  The q u a n t i t y  R i s  a 
component d e f i n i n g  the  s a t e l l i t e ' s  p o s i t i o n  and i s  prov ided  i n  the  s a t e l l i t e  t ime-code broadcast .  
The q u a n t i t y  h i s  r e l a t e d  t o  the  geode t i c  l a t i t u d e  0 of  a s i t e  by t h e  f o l l o w i n g  equat ion:  
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where a = 6378.2064 km, t he  e a r t h  
(see reference [41) .  

The g e o c e n t r i c  l a t i t u d e ,  4' 

s semi-major a x i s ;  and b - 
s r e l a t e d  t o  the  geode t i c  

b' t an  4' - 7 tan $ . 
a 

6356.5838 km, the  e a r t h ' s  semi-minor a x i s  

a t i t u d e ,  4 ,  by the  f o l l o w i n g  equat ion.  

(3)  

I n  the  f o l l o w i n g  d i scuss ion  h i n d i c a t e s  l ong i tude ,  and s u b s c r i p t s  s and r denote s u b s a t e l l i t e  p o i n t  
and any o t h e r  p o i n t  on t h e  e a r t h ' s  su r face  r e s p e c t i v e l y .  

Only cos 6 remains t o  be computed. 
o f  t he  s u b s a t e l l i t e  p o i n t ,  t he  obse rv ing  p o i n t ,  and t h e  i n t e r s e c t i o n  o f  t h e  z - a x i s  ( i . e . ,  t h e  Nor th  Po le ) .  
Using s p h e r i c a l  t r i gonomet ry  and f i g u r e  12: 

The d i r e c t  s o l u t i o n  may be ob ta ined  from the  t r i a n g l e  c o n s i s t i n g  

cos 6 = s i n  @ O r  s i n  as + cos $Or cos 4 cos (Xs - A,). (4) 

These equat ions a r e  programmed d i r e c t l y  by s t o r i n g  key s t r o k e  sequences i n  programmable read-only  
memories (PROM'S) and execu t ing  them i n  the  s c i e n t i f i c  c a l c u l a t o r  a r r a y  under mic roprocessor  c o n t r o l .  
The c a l c u l a t i o n  i s  repeated, f i r s t  us ing  t h e  t r a n s m i t t e r  p o s i t i o n  f o r  t h e  up delay and then us ing  the  
r e c e i v e r  p o s i t i o n  f o r  t he  down delay.  The two delays a r e  summed and used i n  d r i v i n g  the  delay generator .  

The computed delay i s  sub t rac ted  from 300,000 u s 1  and tens-complemented be fo re  being o u t p u t  t o  the  
de lay  generator .  Tens-complementing i s  requ i red  because the  programmable delay genera to r  uses BCD 
counters  which count i n  t h e  up d i r e c t i o n  r a t h e r  than the  down d i r e c t i o n .  The delay generator  s e t t i n g  i s  
a l s o  m u l t i p l i e d  by 1.024 because one count o f  t he  de lay  generator  i s  equal t o  1 f 102,400 Hz = 
0.9765625 ps. T h i s  f requency i s  d e r i v e d  from t h e  s a t e l l i t e - c o n t r o l l e d  d i g i t a l  c l o c k  (see f i g u r e  13). 

a GOES 
468 'HZ / SATELLITES 

ANTENNA 

USERS 

lpPs 
CORRECTED 
FOR DELAY 

F IGURE 13. AUTOMATIC DELAY CORRECTING SYSTEM BLOCK DIAGRAM 

'The t ime  a t  t h e  CDA i s  advanced by 260,000 u s  so i t  a r r i v e s  n e a r l y  on t ime  a t  t h e  e a r t h ' s  surface. 
de lay  genera to r  i s  programmed t o  de lay t h e  decoder c l o c k ' s  1 pps by 300,000 LIS minus the  computed f r e e -  
space p a t h  delay,  t hus  guaranteeing a p o s i t i v e  (de lay )  va lue  s i n c e  nega t i ve  va lues (an advance) cannot 
be implemented. 
s a t e l l i t e ,  r e c e i v e r ,  and decoder -c lock  delays,  when known, t o  p lace  the  c o r r e c t e d  1 p p s  i n  synchronism 
w i t h  the  c l o c k  a t  t he  CDA. 

The 

A d d i t i o n a l  de lay can be made through so f tware  t o  compensate f o r  t r a n s m i t t e r  (CDA), 

IO 



7. SYSTEM HARDWARE 

E a r l y  i n  t h e  development e f f o r t  a d e c i s i o n  had t o  be made about t h e  method t o  use f o r  t h e  de lay  
c a l c u l a t i o n ;  t h a t  i s ,  whether t h e  c a l c u l a t i o n  should be Implemented th rough sof tware o r  hardware. A 
so f tware  package f o r  do ing  f l o a t i n g - p o i n t  a r i t h m e t i c  and mathematical f u n c t i o n s  was a v a i l a b l e .  S c i -  
e n t i f i c  c a l c u l a t o r s  and t h e i r  l a r g e  s c a l e  i n t e g r a t e d  c i r c u i t  c h i p s  were a l s o  a v a i l a b l e  and t h e i r  advan- 
tages were weighed a g a i n s t  t h e  so f tware  approach. C a l c u l a t i o n  execut ion  t imes f o r  m u l t i p l y ,  d i v i d e ,  and 
t h e  v a r i o u s  mathemat ica l  f u n c t i o n s  were comparable i n  bo th  methods and were n o t  a f a c t o r  i n  t h e  dec is ion ;  
A so f tware  mathematical package f o r  t h e  f o u r - b i t  microprocessor  r e q u i r e d  about 750 e i g h t - b i t  by tes  o r  
t h r e e  programmable read-only  memory (PROM) c h i p s  f o r  program storage.  Th is  meant t h a t  even t h e  s o f t -  
ware method would r e q u i r e  e x t r a  hardware. The s c i e n t i f i c  c a l c u a t o r  c h i p  r e q u i r e d  e x t r a  hardware, b u t  
s i n c e  i t  appeared t o  have more accuracy and range ( s c i e n t i f i c  n o t a t i o n  w i t h  dynamic range o f  

lo’’ t o  IO-”), more mathematical f u n c t i o n s ,  and looked t o  be g e n e r a l l y  more f l e x i b l e ,  i t  was t h e  method 
chosen. I n  a d d i t i o n ,  an e x i s t i n g  hardware des ign  was found f o r  i n t e r f a c i n g  a s c i e n t i f i c  c a l c u l a t o r  c h i p  
t o  an e i g h t - b i t  microprocessor  t h a t  cou ld  a l s o  be used f o r  a f o u r - b i t  microprocessor .  The so f tware  f o r  
t h i s  des ign  cou ld  n o t  be used, however, and new f o u r - b i t  s o f t w a r e  had t o  be w r i t t e n .  A f o u r - b i t  m ic ro-  
processor  was used l a r g e l y  because of pas t  exper ience w i t h  t h a t  type.  The speed o f  a newer e i g h t - b i t  
microprocessor  c o u l d  n o t  be used advantageously because o f  t h e  slowness o f  s c i e n t i f i c  c a l c u l a t o r  c h i p s  i n  
genera l .  A f o u r - b i t  word s i z e  was adequate s i n c e  t h e  t a s k  c o n s i s t e d  l a r g e l y  o f  m a n i p u l a t i n g  f o u r - b i t  
hexadecimal c h a r a c t e r s  i n  and o u t  o f  t h e  c a l c u l a t o r  c h i p  o r  RAM o r  t o  t h e  de lay  genera tor  and d i s p l a y  
board . 

The d e c i s i o n  was made t o  use the  f o u r - b i t  microprocessor  and a l a r g e  s c a l e  i n t e g r a t i o n  s c i e n t i f i c  
c a l c u l a t o r  ch ip .  The microprocessor  i s  shown i n  f i g u r e s  14 and 15. The system has been i n  o p e r a t i o n  a t  
NBS f o r  severa l  months and i t s  performance shows t h a t  the  d e c i s i o n  was more than s a t i s f a c t o r y .  The 
system has very  powerfu l ,  accurate,  and f l e x i b l e  computat ional  c a p a b i l i t y  a t  low c o s t  and w i t h  h i g h  
r e l i a b i l i t y .  
between e n t r i e s  o f  key codes. Some of t h e  mathematical f u n c t i o n s  such as s i n  and cos r e q u i r e  about 1 1/2 
seconds t o  per form.  
key s t rokes ,  r e q u i r e s  about 1 minute. S a t e l l i t e  p o s i t i o n  i n f o r m a t i o n  i s  o u t p u t  from t h e  decoder c l o c k  
t w i c e  per  minu te  a t  Os and 30s. 
i n fo rmat ion .  
RAM, and t h e  de lay  c a l c u l a t i o n  f i n i s h e d .  
r e s e t  once per  minute. 

Key s t r o k e  codes must be en tered  i n t o  t h e  math c h i p  and h e l d  f o r  40 ms w i t h  a 40-ms de lay  

One complete c a l c u l a t i o n  o f  t h e  t o t a l  up and down de lay ,  t h e  execut ion  o f  about 200 

The de lay  microprocessor  i d l e s ,  w a i t i n g  f o r  t h e  s a t e l l i t e  p o s i t i o n  
When t h e  s a t e l l i t e  p o s i t i o n  i s  a v a i l a b l e  i t  i s  read by t h e  de lay  microprocessor ,  s to red  i n  

A complete c a l c u l a t i o n  i s  performed and t h e  de lay  genera tor  i s  

FROM SCIENTIFIC 
CALCULATOR CHIP } 

THUMBWHEEL SWITCHES } FROM RECEIVER POSITION 

FROM SATELLITE-CONTROLLED 
DIGITAL CLOCK (SAT POS I } 

FROM SCIENTIFIC 
CALCULATOR C H I P }  

FROM SATELLITE-CONTROLLED 
DIGITAL CLOCK IOATA READY) } 

TO SCIENTIFIC 
CALCULATOR CHIP 
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TO PROGRAMMABLE DFUY 
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TO PROGRAMMABLE OKAY 
GENERATOR (loops) 
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{ 
{ 
{ 
{ 

FlGURE 14. MICROPROCESSOR BLOCK DIAGRAM 

Since t h e  d e l a y  c a l c u l a t i o n s  always f a l l  somewhere between 100,000 and 400,000 p s ,  t h e  decimal p o i n t  
i s  assumed t o  be between t h e  seventh and e i g h t h  d i g i t s  o f  t h e  c a l c u l a t o r  c h i p  o u t p u t .  
on t h e  d i s p l a y  board can t h e r e f o r e  be wi red.  

The decimal p o i n t  

Approx imate ly  once i n  every ten  d i f f e r e n t  computat ions,  t h e  r e s u l t  w i l l  c o n t a i n  one o r  more t r a i l i n g  
I f  t h i s  happens, s i n c e  t h e  c a l c u l a t o r  c h i p  doesn ’ t  o u t p u t  t r a i l i n g  zeros f o r  d i s p l a y ,  t h e  decimal 

The sof tware always checks f o r  t h i s  c o n d i t i o n  and adds 0.01 t o  the  r e s u l t ,  thus 
zeros. 
p o i n t  w i l l  be s h i f t e d .  
f o r c i n g  t h e  decimal p o i n t  back between d i g i t s  seven and e i g h t .  The range o f  t h e  programmable de lay  genera tor  
s e t t i n g  i s  always between 10,000 and 90,000, so i f  a decimal p o i n t  s h i f t  occurs,  0.001 i s  added t o  t h e  
r e s u l t  t o  aga in  p u t  t h e  decimal p o i n t  back between d i g i t s  seven and e i g h t .  
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The de lay  microprocessor  has f i v e  f o u r - l i n e  i n p u t  p o r t s  and n i n e  f o u r - l i n e  ou tpu t  p o r t s ,  i n c l u d i n g  
one RAM o u t p u t  p o r t ,  which a r e  used as f o l l o w s :  

Output P o r t :  

0 t o  s c i e n t i f i c  c a l c u l a t o r  c h i p  (Least  s i g n i f i c a n t  p a r t  o f  key code) 

1 t o  LED de lay  d i s p l a y  (da ta)  

2 t o  LED de lay  d i s p l a y  (s t robe)  

3 t o  s c i e n t i f i c  c a l c u l a t o r  c h i p  

4 t o  programmable de lay  genera tor  (10,000 psec) 

5 t o  programmable de lay  genera tor  (1,000 psec) 

6 t o  programmable de lay  genera tor  (100 p e c )  

7 t o  programmable de lay  genera tor  (10 psec) 

(Most s i g n i f i c a n t  p a r t  o f  key code) 

RAM Output P o r t :  

0 t o  r e c e i v e r  p o s i t i o n  thumbwheel swi tches(s t robe)  

Input  P o r t :  

0 f rom s c i e n t i f i c  c a l c u l a t o r  c h i p  (LED code) 

1 from thumbwheel swi tches (user  p o s i t  ion)  

2 from s a t e l  1 i t e - c o n t r o l  l e d  d i g i t a l  c l o c k  ( s a t e l  1 i t e  p o s i t i o n  

3 from s c i e n t i f i c  c a l c u l a t o r  c h i p  (LED code) 

4 from s a t e l l i t e - c o n t r o l l e d  d i g i t a l  c l o c k  ( s a t e l l i t e  p o s i t i o n  data ready) 

One random access memory (RAM) c h i p  i s  used f o r  s to rage o f  t r a n s m i t t e r ,  r e c e i v e r ,  and s a t e l l i t e  
p o s i t i o n s  and f o r  s to rage o f  math c h i p  r e s u l t s .  F i g u r e  16 i s  the  RAM r e g i s t e r  map showing how t h e  RAM 
i s  organized.  T o t a l  RAM s to rage a v a i l a b l e  on t h e  c h i p  i s  80 f o u r - b i t  BCD charac ters .  

STATUS 
CHAR REG CHAR 

FIGURE 16. RAM REGISTER MAP 

- 
REG 

0 

REG 

1 

REG 

2 

REG 

3 

- 

- 

- 

- 

F i g u r e  17 shows t h e  s c i e n t i f i c  c a l c u l a t o r  c h i p  microprocessor  i n t e r f a c e .  The i n t e r f a c e  was de- 
signed by Dr. Robert Suding o f  the  D i g i t a l  Group, Denver, Colorado. The des ign  r e q u i r e s  two 4 - b i t  
i n p u t  and two ' + - b i t  o u t p u t  p o r t s .  
keyboard g i v i n g  a 48 key i n p u t  c a p a b i l i t y .  
sented by a 2 - d i g i t  hexadecimal key code as shown i n  f i g u r e  18. 

The c a l c u l a t o r  c h i p  i s  n o r m a l l y  connected t o  a 12 x 4 m a t r i x e d  
Only 41 keys a r e  a c t u a l l y  used. Each key can be repre-  

I n  normal o p e r a t i o n  w i t h  a keyboard, 
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t h e  c a l c u l a t o r  c h i p  ou tpu ts  a t i m e  sequence o f  pu lses  on p i n s  6 th rough 17, one a t  a t ime. 
pending on wh ich  key i s  depressed, one o f  t h e  12 pu lses  appears on one o f  t h e  f o u r  Y i n p u t  l i n e s  t o  the  
ch ip .  The combina t ion  o f  a p u l s e  a t  1 of  t h e  12 d i g i t  t imes on one o f  t h e  f o u r  Y i n p u t  l i n e s  p rov ides  
t h e  c a l c u l a t o r  c h i p  w i t h  i n f o r m a t i o n  on which one o f  t he  48 p o s s i b l e  keys has been depressed. 

Then, de- 

INPUT C O D E S  FOR FUNCTION ENTRY 

HEX FUNCTION WNCT I ON HEX FUNCTION HEX FUNCT 1 ON HEX 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 1  
12 
13  
I 4  
15 
16 
17 
18 
19 
I A  
21 

ARC 
S I N  
cos 
TAN 

LN 
LOG 
RC L 
c 

X*Y 
DGR 
STO 

I B  -k 

31 
32 X 

33 ~ 

34 
35 ll 
37 r 

- - 

38 1 /x 
39 X2 
3A 
3B 

No Op 

22 CA/CE 
23 CHS 
24 E E t  
25 Y 
27 { 
2A 1 

41 e 
42 N!  

00 

36 10; 

Restore 
D isp lay  

3c 
2B 
2c 
26 
28 
29 
43 
44 
45 
I C  

INPUT C O D E S  FOR D I G I T  DATA REQUEST 

DIGIT HEX DIGIT HEX DIGIT HEX DIGIT HEX 

1 81 4 84 7 87 10 8A 
2 82 5 85 8 88 1 1  8 B  
3 83 6 86 9 89 12 8c 

OUTPUT C O D E S  FOR SEGMENT D E C O D E  

DIGIT DIGIT AND DIGIT DIGIT AND 
ALONE HEX DECIMAL PT HEX ALONE HEX DECIMAL PT HEX 

0 4F 0. 6F 7 43 7. 63 
1 42 I .  62 8 5F 8. 7F 

2. 77 9 58 9. 78 
50 70 

2 57 
3 53 3.  73 
4 5A 4. 7 A  ERROR 4D ERROR.  6D 
5 59 5. 79 ERROR 50 ERROR. 7 D  
6 5c 6. 7 c  BLANK 40 BLANK. 60 

- - 

F IGURE 18. SCIENTIFIC CALCULATOR C H I P  INPUT, DATA REQUEST AND OUTPUT CODES 

The i n t e r f a c e  was designed t o  p r o v i d e  t h e  same a c t i o n  as t h e  keyboard b u t  under mic roprocessor  
c o n t r o l .  The l e a s t  s i g n i f i c a n t  hexadecimal d i g i t  o f  t h e  code i s  o u t p u t  by t h e  mic roprocessor  i n t o  the  1 -  
2-4-8 i npu t  1 ines  o f  t h e  74150 da ta  s e l e c t o r  t o  s e l e c t  one of 12 1 ines  connected t o  t h e  c a l c u l a t o r  ch ip .  
A t  t he  se lec ted  d i g i t  t ime  the  "8" l i n e  ( p i n  12) o f  t h e  7442 BCD-to-decimal conve r te r  goes low. A t  t h e  
same t ime t h e  most s i g n i f i c a n t  d i g i t  o f  t h e  hex key code, f rom o u t p u t  p o r t  3, i s  go ing  i n t o  t h e  7442 1-2- 
4 l i n e s .  S ince  t h e  7442 "8" i s  now low, one o f  i t s  1-2-3-4 decimal o u t p u t  l i n e s ,  connected t o  t h e  ca l cu -  
l a t o r  Y i npu ts ,  can be h i g h  depending on the  d i g i t  i npu t .  Th i s  p rov ides  the  same e f f e c t  as depressing a 
keyboard key, bu t  i t  i s  now under mic roprocessor  c o n t r o l .  The "8" b i t  o f  ou tpu t  p o r t  3 i s  used f o r  
reques t ing  o u t p u t  da ta  f o r  a s p e c i f i c  d i g i t .  For example, i f  da ta  f o r  d i g i t  3 a r e  des i red ,  da ta  reques t  
code 83 i s  ou tpu t ,  t h e  8 f rom ou tpu t  p o r t  3 and t h e  3 f rom o u t p u t  p o r t  0. A t  t h e  3 - d i g i t  t ime,  p i n  IO o f  
t h e  74150 da ta  s e l e c t o r  goes low and i s  fed ,  th rough an i n v e r t e r ,  t o  the  c l o c k  i n p u t  o f  a 7474 f l i p - f l o p .  
The "8" p a r t  o f  t h e  da ta  request code i s  connected t o  t h e  da ta  i n p u t  o f  t h e  7474 and i s  c locked th rough 

a t  t h e  3 - d i g i t  t ime. 
a NOR ga te  which p rov ides  a p o s i t i v e  pu l se  t h a t  s tays  h i g h  d u r i n g  a l l  o f  t h e  3 - d i g i t  t ime. 

The 7474 a o u t p u t  and t h e  7474 c l o c k  i n p u t  ( th rough an i n v e r t e r )  a r e  connected t o  

15 



Now t h e  microprocessor  o n l y  needs t o  t e s t  t h e  "8" b i t  o f  i t s  3 i n p u t  p o r t  for h i g h  ( n e g a t i v e  l o g i c  
0) t o  know when t h e  7-segment LED data  a r e  v a l i d  f o r  d i g i t  3. The microprocessor  then reads i n p u t  p o r t  
0 and, w i t h  t h e  o t h e r  t h r e e  b i t s  o f  i n p u t  p o r t  3,  has a l l  t h e  i n f o r m a t i o n  necessary t o  decode t h e  
7-segment LED data  i n t o  a BCD c h a r a c t e r .  Note t h a t  o n l y  5 o f  t h e  7 LED segments a r e  r e q u i r e d  t o  decode 
a l l  IO BCD charac ters .  The decimal p o i n t  o u t p u t  o f  t h e  c a l c u l a t o r  c h i p  i s  used o n l y  f o r  d e t e c t i n g  
when t h e  c a l c u l a t o r  c h i p  i s  "DONE;" t h a t  i s ,  when i t  i s  p r o v i d i n g  o u t p u t .  S ince t h e  d i g i t  9 decimal 
p o i n t  i s  always used f o r  ou tpu t ,  regard less  o f  what t h e  o u t p u t  migh t  be, d i g i t  9 i s  used f o r  "DONE" 
t e s t i n g .  To t e s t  f o r  "DONE," da ta  request  code 89 i s  o u t p u t  and t h e  decimal p o i n t  ("2" b i t  o f  i n p u t  3)  
i s  t e s t e d  f o r  h igh.  When t h e  decimal p o i n t  i s  h igh,  the  microprocessor  knows t h a t  t h e  c a l c u l a t o r  c h i p  i s  
f i n i s h e d  and i t  e i t h e r  reads t h e  7-segment LED data  f o r  a l l  t h e  c a l c u l a t o r  c h i p  o u t p u t  d i g i t s  o r  i t  knows 
t h a t  e n t r y  o f  a key s t r o k e  i s  complete and e n t e r s  t h e  n e x t  key s t r o k e .  

The des ign  o f  t h e  c a l c u l a t o r  c h i p  r e q u i r e s  a key t o  be h e l d  down f o r  a t  l e a s t  40 ms and when re leased 
no o t h e r  key may be pressed f o r  40 ms. 
t o  p r o v i d e  t h e  e q u i v a l e n t  e f f e c t .  F i g u r e  18 shows t h e  d i g i t  da ta  request  codes and t h e  7-segment LED 
o u t p u t  codes. 

These de lays  have been implemented by t h e  microprocessor  so f tware  

F i g u r e  19 shows d e t a i l s  o f  t h e  programmable de lay  genera tor .  The de lay  genera tor  s e t t i n g  f o r  t h e  
I O ' S  of  ).is comes f rom o u t p u t  p o r t  7 and t h e  s e t t i n g s  for 100 's  o f  1000's o f  ).is and 10,000's o f  us 
f rom o u t p u t  p o r t s  6, 5 and 4 r e s p e c t i v e l y .  
The 512 kHz comes f rom t h e  s a t e l l i t e - c o n t r o l l e d  d i g i t a l  c l o c k  which i s  phase locked t o  t h e  incoming 
s a t e l l i t e  r a d i o  s i g n a l  d e r i v e d  f rom the  atomic c l o c k  s tandards a t  Wallops Is land.  The p e r i o d  o f  t h e  
102.4 kHz from t h e  d i v i d e  by f i v e  counter  i s  9.765625 us i ns tead o f  e x a c t l y  IO u s .  
compensated i n  t h e  microprocessor/calculator c h i p  so f tware  by m u l t i p l y i n g  t h e  d e l a y  genera tor  s e t t i n g  by 
1.024. 

H a l f  o f  a 7490 i s  used t o  d i v i d e  t h e  512 kHz i n p u t  by f i v e .  

T h i s  d i f f e r e n c e  i s  

The de lay  genera tor  uses f i v e  74196 p r e s e t t a b l e  decade up counters .  The down-going edge o f  t h e  1-Hz 

The f i f t h  
p u l s e  from t h e  s a t e l l i t e - c o n t r o l l e d  d i g i t a l  c l o c k  loads f o u r  o f  t h e  counters  w i t h  t h e  da ta  l a t c h e d  i n t o  
t h e  four  microprocessor  o u t p u t  p o r t s  and s t a r t s  t h e  counters  c o u n t i n g  i n  t h e  BCD up d i r e c t i o n .  
counter  i s  p r e s e t  t o  "1"  and i t s  o u t p u t  ( Q l ,  p i n  5) i s  t h e  I-Hz o u t p u t  w i t h  t h e  proper  de lay  a p p l i e d .  
The I-Hz delayed o u t p u t  i s  a l s o  f e d  back t o  t h e  f i r s t  decade counter  ( 1 0 ' s  o f  p s )  t o  s t o p  t h e  count ing.  

A 7474 f l i p - f l o p  was added t o  t h e  s a t e l l i t e - c o n t r o l l e d  d i g i t a l  c l o c k  t o  make i t s  I -pps o u t p u t  
coherent  w i t h  t h e  rece ived 100 Hz s a t e l l i t e  s i g n a l .  Because t h e  o u t p u t  from t h e  d i g i t a l  c l o c k  i s  under 
microprocessor  c o n t r o l ,  t h e  exac t  number o f  i n s t r u c t i o n  s teps between t h e  1 pps v a r i e s .  The 7474 a l l o w s  
t h e  1 pps i n t o  t h e  d e l a y  genera tor  o n l y  a t  r i s i n g  edge t imes o f  t h e  100 Hz s i g n a l .  
m u l t i v i b r a t o r  i s  used t o  g i v e  t h e  1 pps delayed o u t p u t  a cons tan t  10 ms p u l s e  w i d t h .  

A 74121 monostable 

F i g u r e  20 shows t h e  7-segment LEDS wh ich  d i s p l a y  t h e  c a l c u l a t i o n  r e s u l t s ,  t h e  u p l i n k  d e l a y  and 
t h e  t o t a l  u p l i n k  p l u s  downl ink  de lays.  The d i s p l a y  i s  a convenient  m o n i t o r  o f  t h e  de lays  as they  a r e  
computed. A programmable pocket  c a l c u l a t o r  i s  used t o  check t h e  c a l c u l a t i o n s  i f  t h e r e  i s  any reason t o  
doubt t h e  d i s p l a y e d  r e s u l t s .  

The d i s p l a y  uses a 7442 BCD-to-decimal conver te r ,  connected t o  o u t p u t  p o r t  2, t o  s t r o b e  t h e  TIL-308 
LED d i s p l a y  d i g i t s  one a t  a t ime. BCD d a t a  f rom o u t p u t  p o r t  1 a r e  connected t o  a l l  o f  t h e  LED d i g i t s  i n  
p a r a l l e l .  Note t h a t  a l l  decimal p o i n t s  a r e  w i r e d  " o f f . "  

F i g u r e  20 a l s o  shows t h e  l o n g i t u d e  and l a t i t u d e  thumbwheel swi tches f o r  i n p u t  o f  r e c e i v e r  p o s i t i o n .  
RAM o u t p u t  p o r t  0 i s  used t o  s t r o b e  t h e  swi tches  one by one and t h e i r  s e t t i n g  i s  read i n t o  i n p u t  p o r t  1 
and t h e  da ta  a r e  s t o r e d  i n  RAM. F i v e  d i g i t s  o f  l o n g i t u d e  and f o u r  o f  l a t i t u d e  a r e  entered.  F igures  21- 
26 p r o v i d e  board l a y o u t  and component l o c a t i o n .  

8. SYSTEM SOFTWARE 

The so f tware  f o r  t h e  de lay  microprocessor/scientific c a l c u l a t o r  c h i p  c o n s i s t s  o f  a main program and 
17 subrout ines  p l u s  an area o f  PROM f o r  s t o r i n g  t h e  hexadecimal key code e q u i v a l e n t s  o f  key s t rokes .  
Program s torage r e q u i r e s  f o u r  256 x 8 PROMS. 
p o s s i b l e ;  t h a t  i s ,  t o  keep t h e  main program s imp le  and s t r a i g h t f o r w a r d ,  u s i n g  subrout ines  wherever 
p r a c t i c a b l e .  Each program i s  d iscussed below i n  t h e  o r d e r  i t  i s  s t o r e d  i n  PROM. 

The program was w r i t t e n  t o  make t h e  package as modular as 

M A I N  PROGRAM, 0-00 t o  0-DF, uses about  240 by tes  and c o n t r o l s  t h e  use of t h e  subrout ines  as shown by t h e  
Odd numbered passes through t h e  main program compute t h e  t r a n s m i t t e r -  s o f t w a r e  f l o w c h a r t ,  f i g u r e s  27 and 28. 

t o - s a t e l l i t e  p a t h  d e l a y  i n  microseconds and s t o r e  i t  i n  RAM r e g i s t e r  0. Even passes compute t h e  s a t e l l i t e -  
t o - r e c e i v e r  de lay .  
i s  i d e n t i c a l  for a l l  passes th rough t h e  program, bu t  the  up de lay  uses t h e  t r a n s m i t t e r  p o s i t i o n  and t h e  
down d e l a y  uses t h e  r e c e i v e r  p o s i t i o n .  
th rough t h e  program and i s  t e s t e d  f o r  odd o r  even. 
de lay  i s  computed. 
mable de lay  genera tor  s e t t i n g  i s  computed and ou tpu t .  

The two de lays  a r e  then summed, g i v i n g  t h e  t o t a l  de lay  over  t h e  path.  The computat ion 

RAM r e g i s t e r  0 s t a t u s  c h a r a c t e r  counts  t h e  number o f  passes 
I f  odd t h e  up de lay  i s  computed and i f  even t h e  down 

T o t a l  d e l a y  i s  sub t rac ted  from t h e  t o t a l  c l o c k  advance o f  300,000 u s  and a program- 
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F I G U R E  21.  MICROPROCESSOR/CALCULATOR COMPONENT LAYOUT. 
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F I G U R E  22. D I S P L A Y  BOARD COMPONENT LAYOUT. 
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F I G U R E  23.  M I  CROPROCESSORICALCULATOR BOARD (FRONT) 
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F I GURE 24. MI CROPROCESSOR/CALCULATOR BOARD (BACK) 
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('"T'") 

EXECUTE: = ,  STO 
(W) 

WRITE TRANSMITTER 
POSITION INTO RAM 

( nS) 

- 

FROM MATH CHIP 
(EXTRACT121 

EXECUTE: COS,X,(, 
RCL,COS,), 1, =, STO 

(KCPROM) 
I 

CALL (EXTRACT121 

& I 

DISPLAY UP-DELAY 
(DISPLAYRAM) 

EXECUTE: 
CAKE,  C A K E  

CALCULATE 

(KCPROM) 

I 

ti 

30 SEC? DIGITAL CLOCK 
pPROCESSOR 

I WRITE SATELLITE I I 
POSITION INTO RAM 

ENTER LONG. OF 
SATELLITE X, 

INTO MATH CHIP r- (KCRAM) 

EXECUTE: - c (KCPROM) 

WRITE RECEIVER 
POSITION INTO RAM 
(NS) 

ENTER LONG. OF REC A, 
INTO MATH CHIP 

ENTER LONG. OF TRANS. 
A, INTO MATH CHIP 

(KCRAM) 

F I G U R E  27.  SOFTWARE FLOWCHART 
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ENTER LAT. OF REC +R 

INTO MATH CHIP - I 
ENTER LAT. OF TRANS. 
r#q INTO MATH CHIP 

EXECUTE: SIN, x 

ENTER LAT. OF 
SATELLITE +s 

(KCRAM) 

J 
EXECUTE: 

SIN, -,+, RCL,=, STO, 
5 ,  ., 9,8,1,4,7 ,CHS, 

EE, 9,x,RCL,+,2,0,.,2, 
1,3 I 9,6, EE, 9 ,=,J ,+ 

(KCPROM) 

I 
I 

1 

EXECUTE: = 
(KCPROM) 

PASSES THROUGHPAOGRAM' 
COUNTER, R A W  STATUS 

EXECUTE. + 
(KCPROM) 

I 

1 

I 

ENTER TOTAL UP-DELAY 
(WM) 

EXECUTE: = 
(KCPROM) 

EXTRACT TOTAL UPtDOWN 
DELAY FROM MATH CHIP 

(EXTRACTl2) 

1 
(TEST51 

CALL (EXTRACT121 BLANK? 

DISPLAY TOTAL 
UPtDOWN DELAY 

(DISPLAY RAM) 

CHS ,+, 3 ,o,O,O,o,o, 
. ,=,x, l , .  ,0,2,4,=, 
CHS,+, 1 ,O,O,O,O,O, 

EXTRACT DELAY 
GENERATOR SETTING 

(EXTRACT121 

CALL (EXTRACT121 

DELAY GENERATOR 

FIGURE 28. SOFTWARE FLOWCHART (CONTINUED) 
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- TESTS, 0-FO t o  0-FF (16 b y t e s ) ,  i s  used f o r  t e s t i n g  the  math c h i p  o u t p u t  5 d i g i t  f o r  b lank.  I f  found 
t o  be b lank ,  then one o r  more t r a i l i n g  zeros have occur red  i n  t h e  r e s u l t  and 0.01 i s  added t o  t h e  r e s u l t  
t o  move t h e  decimal p o i n t  back t o  i t s  assumed p o s i t i o n  between d i g i t s  7 and 8. 
0 and p a i r  4 a r e  s e t  up t o  add the  0.01, bu t  the  a c t u a l  c a l l  t o  KCPROM t o  do t h e  a d d i t i o n  must be made 
i n  t h e  main program t o  avo id  exceeding t h e  l i m i t  o f  t h r e e  l e v e l s  o f  subrout ines  o f  t h e  4004. 

Index r e g i s t e r  p a i r  

KCRAM, 1-00 t o  1-1B (28 b y t e s ) ,  reads s p e c i f i e d  BCD c h a r a c t e r s  f rom RAM, encodes them i n t o  key 
codes, and c a l l s  INPUTKC t o  i n p u t  t h e  key codes t o  t h e  math c h i p .  KCRAM expects  t o  f i n d  RAM/Reg./ 
Character  address i n  index r e g i s t e r  p a i r  4 and r e g i s t e r  A o f  p a i r  5 t o  c o n t a i n  t h e  number o f  c h a r a c t e r s  
t o  be entered.  R e g i s t e r  A c o n t a i n s  F - (number o f  c h a r a c t e r s )  + 1 .  For example, i f  seven c h a r a c t e r s  a r e  t o  
be entered:  RA i s  s e t  t o  9 = F - 7 + 1 us ing  hexadecimal a r i t h m e t i c .  A f t e r  read ing  the  proper  hexa- 
decimal c h a r a c t e r  f rom RAM i n t o  index r e g i s t e r  1 ,  and us ing  PO as an address, t h e  F I N  i n s t r u c t i o n  p u t s  
t h e  encoded e q u i v a l e n t  o f  t h e  hexadecimal c h a r a c t e r  i n t o  P3. The key code conta ined i n  P3 i s  then en tered  
i n t o  t h e  math c h i p  by subrout ine  INPUTKC. 

INPUTKC, 1-20 t o  1-3F (32 b y t e s ) ,  e n t e r s  key codes i n t o  the  math c h i p .  F i r s t  a no o p e r a t i o n  code 
(NOP - 0 0 ) s  entered ,  and a f t e r  40 ms t h e  key code i s  entered.  
i s  t e s t e d  f o r  "DONE" which i s  i n d i c a t e d  by t h e  appearance o f  a decimal p o i n t .  The "OONE" i n d i c a t i o n  may 
occur  immediate ly  a f t e r  t h e  second 40 ms de lay  if t h e  key code f o r  a s i n g l e  decimal d i g i t  i s  en tered  o r  
as long as 1.5 s a f t e r  t h e  e n t r y  o f  a s i n  o r  cos f u n c t i o n  key code. Return t o  t h e  c a l l i n g  program cannot 
happen u n t  i 1 "DONE" occurs.  

A f t e r  another  40 ms de lay ,  t h e  math c h i p  

DECODE, 1-40 t o  1-7F (64 b y t e s ) ,  i s  c a l l e d  by s u b r o u t i n e  EXTRACT12 t o  c o n v e r t  t h e  math c h i p  7-segment 
LED o u t p u t  code t o  BCD and s t o r e  i t  i n  RAM. DECODE expects  t o  f i n d  the  most s i g n i f i c a n t  p a r t  o f  
the  segment code i n  RO and t h e  l e a s t  s i g n i f i c a n t  p a r t  i n  R 1 .  The F I N  i n s t r u c t i o n  u s i n g  RO and R 1  as an 
address p u t s  the  decoded e q u i v a l e n t ,  o r  BCD c h a r a c t e r ,  i n t o  r e g i s t e r  p a i r  5 and i t  i s  then s t o r e d  i n  RAM. 

- WRAM, 1-64 t o  1-6C (9 by tes)  i s  a subrout ine  c a l l e d  by TPOS and RPOS t o  w r i t e  BCD c h a r a c t e r s  i n t o  RAM. 

- TPOS, 1-80 t o  1-9F (32 b y t e s ) ,  w r i t e s  t r a n s m i t t e r  p o s i t i o n  i n t o  RAMO, r e g i s t e r  3. I n  t h i s  case i t  i s  
the  l a t i t u d e  and l o n g i t u d e  o f  Wallops I s l a n d ,  VA. TPOS c a l l s  subrout ine  WRAM t o  do t h e  w r i t i n g  i n  RAM. 

EXTRACTIZ, 1-A0 t o  1 - C O  (33 b y t e s ) ,  e x t r a c t s  t h e  1 2 - d i g i t  mathematical r e s u l t  f rom the  math c h i p  i n  
t h e  form o f  7-segment LED codes. DECODE i s  then c a l l e d  t o  conver t  t h e  7-segment LED codes t o  BCD 
c h a r a c t e r s  and s t o r e  them i n  RAMO, r e g i s t e r  0. EXTRACT12 requests  each o f  t h e  12 d i g i t s ,  one a t  a t ime,  by 
o u t p u t t i n g  a d i g i t  request  code and w a i t i n g  f o r  t h e  "8" b i t  o f  i n p u t  p o r t  3 t o  become p o s i t i v e  (negat ive  
l o g i c  "0"). When t h i s  happens, t h e  most s i g n i f i c a n t  p a r t  o f  the  segment code i s  a v a i l a b l e  a t  i n p u t  p o r t  3 
and t h e  l e a s t  s i g n i f i c a n t  p a r t  i s  a v a i l a b l e  a t  i n p u t  p o r t  0. The d i g i t  request  codes f o r  d i g i t s  0 through 
1 1  a r e  81 th rough 8 B  i n  hexadecimal n o t a t i o n .  W i t h  t h e  t w o - d i g i t  segment code conta ined i n  r e g i s t e r  p a i r  0, 
DECODE i s  c a l l e d  t o  decode and s t o r e  t h e  e q u i v a l e n t  BCD c h a r a c t e r  i n  RAM. 

DISPLAYRAM, 1 - C 8  t o  1-DC (21 b y t e s ) ,  d i s p l a y s  t h e  c a l c u l a t i o n  r e s u l t  s t o r e d  i n  RAM 0, r e g i s t e r  0 
on 7-segment LED d i s p l a y s .  The d i s p l a y  i s  used as an i n d i c a t i o n  t h a t  t h e  system i s  o p e r a t i n g  p r o p e r l y .  

TESTN/S (1-EO t o  I - E E ,  15 b y t e s ) ,  i s  c a l l e d  by subrout ine  RPOS t o  t e s t  t h e  r e c e i v e r  p o s i t i o n  
thumbwheel sw i tches  f o r  a n o r t h  o r  south l a t i t u d e  s e t t i n g .  S ince t h e  8 b i t  o f  t h e  l o n g i t u d e  IOOS p o s i t i o n  
c h a r a c t e r  i s  never used i n  a l o n g i t u d e  s e t t i n g  i s  is w i r e d  t o  the  n o r t h / s o u t h  s w i t c h  o f  the  l a t i t u d e  swi tches.  
I f  the  8 b i t  = 0 n o r t h  l a t i t u d e  i s  understood and i f  the  8 b i t  = 1 a minus s i g n  (CHS key) ,  i n d i c a t i n g  south  
l a t i t u d e ,  i s  a t tached t o  the  l a t i t u d e  reading.  

DELAY40, 1-F2 t o  I-FC (11 by tes)  i s  c a l l e d  by INPUTKC t o  p r o v i d e  t h e  40 ms de lay  r e q u i r e d  by t h e  
math c h i p  between t h e  e n t r y  o f  key s t r o k e  codes. 

INCREMENT, 2-08 t o  2-OE (7  b y t e s ) ,  increments t h e  RAM 0, r e g i s t e r  0 s t a t u s  c h a r a c t e r  which i n d i c a t e s  
t h e  odd o r  even passes th rough t h e  program; t h a t  i s ,  the  "up" de lay  and "down" d e l a y  passes. 

ODD/EV, 2-OF t o  2- ID (15 b y t e s ) ,  t e s t s  RAM 0, r e g i s t e r  0 s t a t u s  c h a r a c t e r  f o r  odd or even numbered 
passes th rough t h e  program and determines whether t r a n s m i t t e r  p o s i t i o n  da ta  w i l l  be used f o r  the  "up" 
de lay  o r  r e c e i v e r  p o s i t i o n  da ta  w i l l  be used f o r  the  "down" d e l a y  c a l c u l a t i o n .  I f  odd, R 8  i s  s e t  equal 
t o  1. I f  even, R8 i s  s e t  equal t o  3. R e g i s t e r  p a i r  4, o f  which R8 i s  a p a r t ,  i s  used by KCRAM t o  e n t e r  
e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  p o s i t i o n  i n t o  the  math c h i p .  

RPOS, 2-20 t o  2-64 (69 b y t e s ) ,  reads the  thumbwheel sw i tches  c o n t a i n i n g  t h e  r e c e i v e r  p o s i t i o n  and 
c a l l s  WRAM t o  w r i t e  the  da ta  i n t o  RAM 0, r e g i s t e r  1 .  RPOS c a l l s  READL/L t o  s t r o b e  t h e  thumbwheel 
swi tches v i a  RAM 0 o u t p u t  p o r t  and read i n  t h e i r  data.  

READL/L, 2-67 t o  2-6F ( 9  b y t e s ) ,  is a s u b r o u t i n e  c a l l e d  by RPOS t o  s t r o b e  and read r e c e i v e r  p o s i t i o n  
da ta  f rom thumbwheel swi tches.  

DELAYGEN, 2-70 t o  2-7D (14 b y t e s ) ,  reads t h e  programmable de lay  genera tor  s e t t i n g  f rom RAM 0, r e g i s t e r  0 
and o u t p u t s  i t  t o  t h e  d e l a y  generator .  
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- SPOS, 2-80 t o  2-D8 (89 by tes) ,  w a i t s  for  and reads s a t e l l i t e  p o s i t i o n  da ta  f rom t h e  decoder c l o c k .  
The p o s i t i o n  da ta  a r e  a v a i l a b l e  o n l y  a t  Os and 30s when t h e  d i g i t a l  c l o c k  i s  updat ing  i t s  d i s p l a y  hard-  
ware. S ince t h e  da ta  a r e  o n l y  p resent  f o r  a few machine cyc les ,  they  a r e  read as q u i c k l y  as p o s s i b l e  
i n t o  RAM 0, r e g i s t e r  1 f o r  temporary s to rage i n  RAM l o c a t i o n s  u s u a l l y  reserved f o r  r e c e i v e r  p o s i t i o n  
storage. A f t e r  a l l  13 s a t e l l i t e  p o s i t i o n  charac ters  a r e  read and s t o r e d  i n  RAM, SPOS t r a n s f e r s  them from 
RAM 0, r e g i s t e r  1 t o  r e g i s t e r  2 and i n s e r t s  decimal p o i n t  and CHS key codes wherever requ i red .  RAM 0, 
r e g i s t e r  1 i s  then f r e e  t o  be used f o r  i t s  usual  r e c e i v e r  p o s l t i o n  s to rage.  

NCHARS, 2-EO t o  2-E9 (IO bytes)  i s  a s u b r o u t i n e  c a l l e d  by SPOS f o r  w r i t i n g  BCD c h a r a c t e r s  i n t o  RAM. 

KEY CODE STORAGE, 3-00 t o  3-DF (224 by tes) ,  i s  an area used f o r  s to rage o f  t h e  key codes correspond-  
ing  t o  t h e  key s t r o k e s  r e q u i r e d  by the  c a l c u l a t i o n .  

KCPROM, 3-EO t o  3-F4 (21 by tes)  reads s p e c i f i e d  hexadecimal charac ters ,  r e p r e s e n t i n g  key codes, t h a t  
a r e  s to red  i n  PROM and c a l l s  INPUTKC t o  e n t e r  t h e  key codes i n t o  t h e  math c h i p .  When c a l l e d ,  KCPROM 
expects  t o  have the  PROM address of t h e  f i r s t  key code i n  index r e g i s t e r  p a i r  0 and t h e  l a s t  key code 
address + 1 i n  index r e g i s t e r  p a i r  4. The FIN i n s t r u c t i o n ,  w i t h  t h e  PROM address i n  r e g i s t e r  p a i r  0, 
pu ts  the  key code i n t o  r e g i s t e r  p a i r  3 .  P a i r  3 then t r a n s f e r s  t h e  key code t o  INPUTKC f o r  e n t r y  
i n t o  t h e  math ch ip .  

The appendix i s  a l i s t i n g  o f  the  de lay  mic roprocessor 's  sof tware.  The program was punched i n t o  
s tandard  80 column data  process ing  cards o n l y  as a convenient  method o f  documentation. 
the  l i s t i n g  i s  as f o l l o w s :  

Co 1 umn 

The format  o f  

1 Hexadecimal page o r  ROM c h i p  number 

2 B lank  

3-4 Hexadecimal i n s t r u c t i o n  address w i t h i n  ROM c h i p  

5 B lank  

6-7 Hexadecimal microprocessor  i n s t r u c t i o n  

8 Blank 

9-18 1 t o  IO c h a r a c t e r  l a b e l  

19 Blank 

20-22 1 t o  3 c h a r a c t e r  o p e r a t i o n  mnemonic 

23 B lank  

24-33 1 t o  10 c h a r a c t e r  operand (data,  r e g i s t e r ,  c o n d i t i o n ,  l a b e l ,  e t c . )  

34-37 BI ank 

38-80 Comen t s 

Some 4004 i n s t r u c t i o n s  r e q u i r e  two bytes,  i n  which case t h e  second l i n e  o f  t h e  i n s t r u c t i o n s  may con- 
t a i n  da ta  o r  a jump address. 

9. PERFORMANCE 

The equat ion  r e l a t i n g  t h e  t ime recovered from the  s a t e l l i t e  t o  t h e  master c l o c k  a t  Wallops I s l a n d  
i s  g i v e n  below. 

1 2 
UTC(NBS) - SAT/NBS = (UTC - CDA) + (CDA EQUIP DELAY) + 



C O R R E C T I O N  

START STOP START STOP 
NBS lpps MASTER FROM CLOCK I = '  I /-+- 

F R E E  S P A C E  

D I G I T A L  TO I ANALOG I 
CONVERTER 

P A T H  D E L A Y )  

c U T C ( N B S )  - SAT/NBS 
C O R R E C T E D  

'JfC(NBS) -SAT/NBS 

UNCORRECTED 

F I G U R E  29. MEASUREMENT OF U T C ( N B S )  - SAT/NBS 

CLOCK 

A-AVERAGE OF 48 MEASUREMENTS 
TAKEN AT HALF HOUR INTERVALS 

Y 

EQUIPMENT DELAY 
CHANGES 

I I I I I I -I 
43031 43035 43039 43043 43047 43051 53055 43059 

MJD 

F I G U R E  30. UTC(NBS)  - G O E S l / N B S  ( U N C O R R E C T E D )  
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F 
UTC(NBS)-GOESl/NBS 
CORRECTED FOR CLOCK DRIFT 
& EQUIPMENT DELAY CHANGES 
AT CDA WALLOPS ISLAND, VA 

0- AVERAGE OF 48 MEASUREMENTS 
TAKEN AT HALF HOUR INTERVALS 

ORBITAL ELEMENTS ORBITAL ELEMENTS ORBITAL ELEMENTS 
OF 43019 OF 43033 OF 43040 

I I I I I I I I 
43031 43035 43039 43043 43047 43051 43055 43059 

MJ D 

The r e s u l t s  i n d i c a t e  a cons is tency  i n  o r b i t  d e t e r m i n a t i o n  and i n  t h e  s t a b i l i t y  o f  equipment de lays  
o f  about 10 p s  f o r  t h e  p e r i o d  under study. A c l a i m  f o r  accuracy cannot be made, however, u n t i l  t h e  
equipment de lays  a t  t h e  CDA and i n  the  r e c e i v i n g  equipment have been eva lua ted  and more measurements o f  
t h i s  type  a r e  taken a t  p o i n t s  separated by l a r g e  geographica l  d is tances .  

P o r t i o n s  o f  t h e  a c t u a l  c h a r t s  producing the  da ta  j u s t  d iscussed a r e  i l l u s t r a t e d  i n  f i g u r e  32.  
outpu t ,  uncor rec ted  f o r  the  free-space de lay ,  shows a 24-hour d i u r n a l  due t o  t h e  s a t e l l i t e ' s  o r b i t  i n c l i -  
n a t i o n  and e c c e n t r i c i t y .  The c o r r e c t e d  o u t p u t ,  one p o i n t  every h a l f  hour, l i e s  i n  a s t r a i g h t  l i n e  a t  
l e a s t  t o  a few microseconds on the  average. Because the  s a t e l l i t e - p o s i t i o n  da ta  a r e  updated o n l y  every 
h a l f  hour ,  the  c o r r e c t e d  o u t p u t  d e v i a t e s  f rom a s t r a i g h t  l i n e  between t h e  h a l f - h o u r  updates a t  the  same 
r a t e  shown f o r  t h e  uncor rec ted  ou tpu t .  

The 

\ ' \ '  
CORRECTED FOR FREE SPACE 
DELAY A T  1 / 2  HOUR I N T E R V A L S  

UTC 

FIGURE 32. SATELLITE OUTPUT: CORRECTED AND UNCORRECTED 

10. CONCLUSIONS 

The t ime code has been broadcast  f rom t h e  t w o  GOES s a t e l l i t e s  f o r  more than one year .  I t  has proven 
i t s e l f  t o  be a r e l i a b l e ,  low cos t ,  and ex t remely  s imp le  system f o r  moderate ly  h igh-accuracy t ime.  The 
t ime code i s  now considered a permanent f e a t u r e  o f  the  GOES s a t e l l i t e s  and should see an expanding l i s t  
o f  users f o r  many purposes w i t h i n  the  Western Hemisphere. 
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The r e s u l t s  presented here  i n d i c a t e  a p o t e n t i a l  accuracy o f  10 t o  20 microseconds. These f i g u r e s  
need t o  be v e r i f i e d ,  however, by a d d i t i o n a l  observa t ions  a t  w i d e l y  separated geograph ica l  p o i n t s .  Equip- 
ment de lays  need f u r t h e r  s tudy.  The c l o c k  d r i f t  and t h e  e f f e c t  o f  equipment changes a t  t h e  CDA need t o  
be o f f s e t  o r  e l i m i n a t e d  t o  make t h e  t ime-code system a t r u e  one-way t ime t r a n s f e r  technique.  

NBS p l a n s  t o  c o n t i n u e  work toward t h e  development o f  methods t o  increase the  accuracy o f  t h e  s a t -  
e l l i t e  t ime d isseminat ion  system. A more accura te  s a t e l l i t e  ephemeris genera tor  has rep laced an e a r l i e r  
one. Methods t o  p r o v i d e  t h e  user  w i t h  more accura te  s a t e l l i t e  p o s i t i o n  i n f o r m a t i o n  over  s m a l l e r  t ime 
increments o r  on a cont inuous b a s i s  w i l l  be i n v e s t i g a t e d .  
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APPEND I X 

COMMENTS 

0 OC CONTROLLEJ D I G I T A L  CLOCK. 
3 00 
0 OE 51 START JMS - 
3 3~ A a  - EXTXACT12 
3 l u  5ii JMS - 
(1 11 F u  - T€ST5 
0 1 2  1 4  JCN A i l  

G 14 53 JHS - 
0 1 5  EO - UCPROM 
0 ib 5 1  JHS - 
G 17 A0 - EXTRACT12 

J 19 
0 1 A  5 1  S K I P e d 1  JMS - 
3 18 C8 - OISPLAYRAM 
0 1C 20 CALCULATE F I M  PO 
I) 10  u u  
0 1E 28 F I M  P 4  
il 1 F  02 0 2  
0 2 0  53 JMS - 
0 22 52 JHS - 
J 2 3  8 0  - SPOS 
0 24 28 F IM P 4  
u 25 LO 2 0  
J 26 2A F I M  P z  
0 27 A0 A 0  
0 2 8  51 JMS - 
3 29 O G  - KCRAM 
3 2A 2G F I M  PG 
0 20 52 0 2  
0 2c 28 F I M  P 4  
5 26 03 0 3  
0 2 E  53 JHS - 
J 2F EG - KCPROM 
0 3G 
0 3 1  
0 32 52 JMS - 
0 3 3  2 0  - RPOS 

0 35 
0 3 6  52 JMS - 
0 3 7  GF - 000/EV 
0 38 D3 LDM 3 
0 3 9  89 XCH R9 
0 3A ZA F I M  P 5  
ir 38 96 9 0  
0 3C 5 1  JMS - 
0 3 0  - KCRAM 
0 3E 
0 3F 

S 13 1 A  - SKIP.01  

J i a  

J 21 EO - u c P R o n  

a 3 4  

3 lio 
E 01 51 
J Di: 0 6  
J 3 3  
0 Jz 
J 05 
0 06 
0 .A7 
J 0 8  
0 0 9  
3 3A 
J OB 

NBS DELAY MICROPROCESSOR/CALCULATOR - T H I S  
JMS - 4 0 0 4  PROGRAM COMPUTES THE L I N E  OF SIGHT - TPOS RAOIO PATH DELAY BETWEEN ANY TWO POINTS ON 

EARTH V I A  A SYNCHRONOUS S A T E L L I T E  0 - -  ALL 
MATHEMATICAL FUNCTIONS ARE PERFORMED BY A MOS TECHNOLOGY INC. MPS 7529- 
103 L S I  S C I E N T I F I C  CALCULATOR ARRAY INTERFACED TO THE MICROPROCESSOR) 
THE S A T E L L I T E  P O S I T I O N  DATA I S  PROVIDED BY THE S A T E L L I T E  CONTROLLED 
D I G I T A L  CLOCK ALSO INTEKFACEO TO THE MICROPROCESSOR. THE RECEIVER 
P O S I T I O N  IS ENTERED V I A  THUMBWHEEL SWITCHES AN0 THE TRANSMITTER P O S I T I O N  
I S  WRITTEN I N T O  THE MICROPROCESSOR PROGRAM. THE OUTPUT CONTROLS THE 
DELAY OF A 1 HZ PULSE THROUGH A PROGRAMMABLE DELAY GENERATOR AND I S  ALSO 
DISPLAYEU ON LEOS. THE 1 PPS IS PROVIDED BY THE S A T E L L I T E  

J-VeCATEORA SEPT. 1976 

EXTRACT 12 D I G I T  RESULT FROM MATH C H I P  

TEST HESULT FROM MATH C H I P  FOR 
T R A I L I N G  ZEROS WHICH WILL CAUSE A OISPLACE- 
MLNT OF THE OECIMAL POINT 

I F  DISPLACEMENT I S  DETECTED ADD e 0 1  AND 
EXTRACT NEW RESULT --- ELSE S K I P  AND LEAVE 
THk RESULT ALONE 

OISPLAY RESULTS STORED I N  RAM 

AOORESS OF F I R S T  KEY CODE TO BE EXECUTED 

AUORESS OF LAST KEY CODE TO BE EXECUTED +1 

EXECUTE CA/CE 
CA/CE 

WRITE S A T E L L I T E  P O S I T I O N  I N  RAM 

F I R S T  CHARACTER I N  RAM TO BE EXECUTED 

F-NUMGER OF RAM CHARS+l TO BE ENTEREO I N T O  
MATH CHIP,  THAT I S  F-6+1=A 

ENTER LONGITUOE OF SAT. I N T O  MATH C H I P  

EXECUTE - 

WRITE RECEIVER P O S I T I O N  I N T O  RAM 

TEST NUMBER OF PASSES THRU PROGRAM (STATUS 
CHARACTER) FOR O D D  OR EVEN --- 
I F  000 ENTER LONGITUDE OF RECEIVER 
I F  EVEN ENTER LONGITUOE O f  TRANSMITTER 
I N T O  MATH CHIP 

ENTER LONGITUOE OF TRANSMITTER OR RECEIVER 
I N T O  MATH C H I P  
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0 40  20 
0 4 1  0 3  
0 4 2  28 
U 43 05 
0 4 4  5 3  
0 45 EO 
0 4 6  
0 47 
0 48 5 2  
u 49 OF 
0 4A O A  
0 48 89 
0 4 C  2 A  
0 4 0  A0 
0 4E 5 1  
0 4F 
0 50  
0 5 1  
0 5 2  20 
0 5 3  05 
0 5 4  28 
0 55  08 
J 5 6  5 3  
0 5 7  EO 
J 5 8  2 8  
0 59 2 6  
0 5A 2A 
0 5 8  80 
0 5C 5 1  
0 5 0  
0 5 E  
J 4F 
0 60 20 
0 6 1  0 8  
0 6 2  2 8  
0 6 3  11 
0 6 4  5 3  
0 6 5  EO 
0 66 
J 6 7  
0 6 8  5 2  
0 69  OF 
0 6 A  O A  
J 6 8  8 9  
3 6C 2A 
0 60 A0 
0 6E 5 1  
0 6F 
0 70 
0 7 1  
J 72 20 
0 7 3  11 
0 7 4  2 0  
G 7 5  1 3  
0 7 6  53 
0 7 7  EO 
0 7 8  2 8  
0 7 9  26 
0 7A Z A  
3 7 8  BO 
0 I C  5 1  
0 7 0  
0 7E 
0 7F 

F I H  PO 
0 3  
F I H  P 1  
0 5  
JMS - - KCPHOM 

JflS - - OOO/EV 
L O  R A  
XCH H9 
F I H  P5 
A 0  
JHS - - KCRAH 

F I H  PG 
0 5  
F I H  Pr 
O B  
JHS - - KCPROH 
F I H  P4 
2 6  
F IM P5 
8 0  
JHS - - UCRAU 

FIH PO 
0 6  
F I H  P4 
1 1  
JHS - - KCPROH 

JHS - - OOO/EV 
LDH A 
XCH R 9  
F I H  P5 
A 0  
J t i S  - - UCRAH 

F I H  PO 
1 1  
F I H  P4 
1 3  
JHS - - KCPROM 
F I H  P 4  
2 6  
F I H  P5 
B O  
JMS - - KCRAU 

EXECUTE = 
STO 

TEST NUHBER OF PASSES THRU PROGRAH (STATUS 
CHARACTER) FOR OD0 OR EVEN -0- 

If EVEN ENTER TRANSMITTER LATITUDE 

ENTER LATITUDE OF TRANSMITTER OR RECEIVER 
INTO HATH C H I P  

EXECUTE COS 
X 
( 

ENTER LATITUOE OF S A T I L L I T E  INTO HATH C H I P  

EXECUTE COS 3 
x =  

RCL 
cos 
1 

STO 

TEST NUMBER OF PASSES THRU PROGRAH (STATUS 
CHARACTER) FOR 0 0 0  OR EVEN --- 
I F  ODD ENTER RECEIVER LATITUDE 
I F  EVEN ENTER TRANSMITTER LATITUDE 

ENTER LATITUOE OF TRPNSMITTER OK RECEIVER 
I N T O  MATH C H I P  

EXECUTE S I N  
X 

ENTER LATITUDE OF S A T E L L I T E  INTO MATH C H I P  
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0 0 0  20 
0 01 1 3  
0 8 2  2 8  
0 83 33 
il 84 53 
0 05 EO 
0 bb 2 8  
3 6 7  28 
0 80  2A 
0 8 9  60 
0 O A  51 
3 0B 
0 sc 29 
0 0 0  33 
0 B E  20  
0 0 F  34 
0 9 0  53 
0 4 1  EO 
0 9 2  52 
0 93 0 0  
0 9 4  52 
4 9 5  OF 
L 96 FO 
a 9 7  01 
0 9 8  9 8  
a 99 14 
0 9 A  OE 
0 9B ZG 
0 9c 3 4  
0 90 20 
ir 9E 35 
li 9 F  53 
il A 0  EO 
0 A i  2 0  
0 A2 04 
J A 3  ZA 
J A4 40 
J A5 51 
0 A6 
0 A7 2 0  
il A8 35 
0 A9 2 8  
0 A A  36 
0 AB 53 
S AC E O  
0 AD 51 
0 AE A 0  
0 AF 
0 BO 50 
0 d l  FO 
0 B2 1 4  
G 83 CO 
0 a4 53 

0 86 51 
d €47 A0 
0 B8 
0 B 9  
0 d A  
ii BB 

9 BO 
0 BE 
0 dF 

o a5 EG 

il ac 

F I f l  PO 
1 3  
F I H  P4 
3 3  
JMS - - KCPR'OM 
F I f l  P4 
2 8  
F I H  P5 
B O  
JHS - - KCRAfl 
F I t 4  PO 
3 3  
FIM P 4  
3 4  
JHS - - KCPROM 
JMS - - INCREMENT 
JHS - - ODJ/EV 
CLB 
LDM 1 
SUB R8 
JCN A0 - START 
F I f l  PO 
3 4  
F I H  P4 
3 5  
JHS - - UCPRDfl 
F I M  P4 
0 4  
F I M  P5 
9 0  
J H S  - - KCRAM 
F I M  PO 
3 5  
F I H  P4 
3 6  
JMS - - KCPROM 
JMS - - EXTRACT12 

JHS - - TEST5 
JCN A0 

JMS - - KCPROH 
JMS - - EXTRACT12 

- SKIP.01 

EXECUTE S I N  5 7 + 3 SQRT 
= C H S 2  9 + 
+ 9 E E O  6 
RCL 8 9 EE 
= l X 2 9  
STO 4 RCL 1 = 

(32 KEY CODES) 

ENTER NORMALIZED RANGE OF SATELLITE I N T O  
MATH C H I P  

EXECUTE = 

INCREMENT RAMO/REGO STATUS CHARACTER EACH 
PASS THROUGH PROGRAM 

TEST NUMBER OF PASSES THRU PROGRAM (STATUS 
CHARACTER) FOR ODD OR EVEN --- 
TO START AND COMPUTE DOWN DELAY 

COMPUTED --- CONTINUE ON 

I F  0001 R0 = 1 UP DELAY COMPUTE0 GO BACK 

I F  EVEN, R8 = 3 BOTH DELAYS HAVE BEEN 

EXLCUTE + 

ENTER TOTAL UP DELAY INTO MATH CHIP  

EXECUTE = 

EXTRACT TOTAL UP DELAY + TOTAL DOWN DELAY 
FROfl MATH CHIP 

TEST FOR T R A I L I N G  ZEROS AND ADJUST I F  
NECESSARY 
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0 CO 5 1  SKIP.01 JMS - 
0 C l  C8 - DISPLAYRAM 
0 c 2  20 F I M  PO 

0 Cb 28 F I M  P 4  
0 C 5  5 6  5 6  
0 C 6  5 3  JMS - 
0 C7 EO - KCPROM 
S C8 5 1  JMS - 
0 C 9  A 0  - EXTRACT12 
il C A  22 F I M  P i  
0 CB 05 0 5  
0 cc 2 3  SRC P i  
J CD E9 ROM 
0 CE 8 2  XCH R2 
0 CF OD LOM 0 
0 0 0  F 1  CLC 
0 0 1  92 SUB R Z  
0 02 i c  JCN A i  

0 04 20 FIH PO 
0 0 5  5 6  5 6  
0 D 6  2 8  FIH P r  
iJ 0 7  5C 5 c  
0 06  5 3  JMS - 
0 09 EO - KCPROM 
0 OA 5 1  JMS - 
0 OB A0 - EXTRACT12 

0 DO 7 0  - OELAYGEN 
0 OE 4u JUN - 
0 DF 1C - CALCULATE 
0 EO 
0 E l  
0 EZ 
0 E 3  
0 E 4  
0 E5 
0 E6 
0 E7 
0 E 8  
0 E 9  
0 €A 
0 EB 
0 EC 
0 EO 
0 €E 
0 EF 
0 FO 22 TEST5 FIM Pi 
0 F l  05 0 5  
0 F2 23 SRC P 1  
0 F 3  € 9  RDt4 
0 F k  82 XCH G 2  
0 F 5  DO LDM 0 
0 F 6  F 1  CLC 
0 F 7  92 SUB R2 
3 F 8  1C JCN A i  

0 FA 20 F I N  PO 
J F B  36 3 6  
0 FC 2 8  F I H  P 4  
0 FD 3 8  3 %  
0 FE C 1  BBL 
J F F  CO SKIP.01 BBL 

0 c 3  3 8  3 a  

0 0 3  DC - SKIP. 0 01 

0 DC 5 2  SKIP.001 JMS - 

0 F 9  FF SKIP.01 

DISPLAY TOTAL UP + OOdN DELAY 

EXECUTE CHS 0 4 0 
OELAY + 0 0 1 .  
GENERAT OR 3 . 2 0 =  
SETTING 0 = 4 0  

o x = o  
0 1 CHS 0 

EXTRACT OELAY GENERATOR SETTING 

REA0 RAMO/REGO/CHARACTER 5 INTO RZ T O  TEST 
FOR BLANK 

I F  RAM CHAR I S  NOT = 0 (BLANK) S K I P  

I F  RAM CHARACTER = 0 4 0 0  , 0 0 1  T O  PREVENT 
T R A I L I N G  ZEROS FROM CAUSING A DECIMAL POINT 
S H I F T  

EXTRACT NEW RESULT 

OUTPUT OELAY GENERATOR SETTING 

TEST5 TESTS FOR MATH C H I P  OUTPUT D I G I T  
NUMBER 5 BLANK 

READ RAHO/REGO/CHARACTER 5 INTO RZ T O  TEST 
FOR BLANU 

I F  RAM CHARACTER I S  NOT = 0 (BLANK) S K I P  

SET UP T O  CALL KCPROM T O  ADD e 0 1  --- 
HOWEVER MAIN PROGRAM MUST MAKE THE CALL OR 
ELSE THE L I M I T  O F  3 LEVELS OF SUBROUTINES 

FROM HERE. I F  R A M  CHAR = BLANK RETURN 1 
I F  R A M  C H A i  NOT = BLANK RETURN 0 

now0  BE EXCEEDED IF KCPROM WERE CALLED 
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1 U J  2G KCRAM F I H  P;) 
1 0 1  10 I C  
1 0 2  22 F I H  P I  

1 04 24 F I H  PL 
1 u 5  3G 3 0  
1 06 29 ENCOOE SRC P r  
1 07 E 9  RD H 
1 OB 81 XCH R I  
1 0Y 36 F I N  P3 
1 O A  5 1  JHS - 
1 G B  20 - INPUTKC 
1 UC 69 I N C  R9 
1 00 7A I S Z  R A  
1 OE 06 - ENCOOE 
1 OF CO BBL 
1 10 11 ZERO 
1 11 1 2  ONE 
1 1 2  13 TWO 
1 1 3  1 4  THREE 
1 1 4  15 FOUR 
1 1 5  16 F I V E  
1 1 6  1 7  S I X  
1 1 7  18 SEVEN 
1 18 19 EIGHT 
1 1 9  1 A  N I N E  
1 1 A  21 OEC-PT. 
1 1 8  28 CHS 
1 i c  
1 10 
1 1 E  
1 1 F  
1 20 00 INPUTKC LDH 0 
I 2 1  23 SRC P 1  
1 2 2  F 4  CHA 
I 2 3  E 2  WRR 
1 24 25 SRC PZ 
I 2 5  F4 CHA 
1 2 6  E2 WRR 
1 2 7  5 1  JHS - 
i z a  FZ - DELAY40 
1 2 9  A7 LO I?? 
1 2A 2 3  SRC P1 
1 2 8  F 4  CUA 
1 2C E2 WRR 
1 ZO A 6  L O  R6 
I 2E 25 SRC P2 
1 2 F  F 4  CMA 
1 3 0  E2 WRR 
1 3 1  5 1  JHS - 
1 3 2  F2 - DELAY40 
1 3 3  06 LDM 6 
1 3 4  2 3  SRC P i  
1 3 5  E2 WRR 

1 3 7  25 SRC P 2  
1 3 8  E2 WRR 
1 3 9  FO OONETESl CLB 
1 3A EA RDR 
1 38 F 6  RAR 
1 3C F 6  RAR 
1 3 0  1 A  JCN C 0  
1 3E 3 9  - OONETEST 
1 3F CO DONE BEL 

1 03 o a  

1 3 6  0 7  Lon 7 

F IRST KEY COO€ AODRESS FOR F I N  INSTRUCTION 

TO SELECT 1/0 PORTS NJMBER 0 

TO SELECT 1/0 PORTS NUMBER 3 

PO CONTAINS ADORESS OF KEY CODE 

PUT KEY CODE INTO P3 
WRITE NOP AND KEY CODE TO MATH CHIP, W A I T  
FOR OONE 
INCREMENT RAM CHARACTER AOORESS I N  R9 
INCREMENT NUM8ER OF R4M CHARS COUNTER RA 

RETURN T O  MAIN PROGRAM 

KCRAH REAOS SPECIF IED BCO CHARACTERS FROM 
RAH AND ENCOOES THEM INTO KEY COOES --- 
THEN CALLS INPUTKC T O  INPUT THEM T O  MATH 
C H I P  

ECO CHARACTER A INTER’RETEO AS OECIMAL PT. 
BCO CHARACTER B INTERPRETEO AS CHS KEY 

INPUTKC INPUTS KEY STROKE COOES AND DATA 
TO MATH C H I P  ALONG WITH NOP AND WAITS FOR 
OONE --- NOP KEY CODE = 00 

WAIT 40 HILLISECONOS 

R7 CONTAINS LEAST S I G N I F I G A N T  PART OF KEY 
CODE --- OUTPUT I T  TO OUTPORT NUMBER 0 

R6 CONTAINS M O S T  S IGNIF IGANT PART OF KEY 
COOE --- OUTPUT I T  T O  OUTPORT NUMBER 3 

W A I T  40 MILLISECONDS 

WRITE OUT 8 9  FOR DONE TEST (NEG. LOGIC 76) 

WRITE 9 T O  OUTPORT NUMBER 0 INEG. LOGIC 6 )  

WRITE 8 TO OUTPORT NUMBER 3 (NEG. LOGIC 7 )  

INPORT NUMBER 3 S T I L L  SELECTED --- REA0 I T  

ROTATE OECIMAL POINT LEO SEGMENT INTO CARRY 
P O S I T I O N  TO TEST FOR OONE 

I F  DONE RETURN TO KCPROM O R  KCRAM 
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1 40 00 BLANK 
1 4 1  
1 4 Z  10 ONE 
1 43 70 SEVEN 
1 44 
1 4 5  3A OECOOE FIN P5 
1 46 29 SRC P 4  
1 47 A A  LO R A  
1 4 8  EO HRH 
1 49 69 I N C  R9 
1 4 A  C5 BBL 
1 48 
1 4 c  
1 40 EO +OVERFLOW 
1 4 E  
1 4F ZERO 
1 50 8 0  MINUS 
1 5 1  
1 5 2  
1 53 30 THREE 
1 5 4  
1 55 
1 56 
1 5 7  20 THO 
1 5 8  
1 5 9  50 F I V E  
1 5A 4 0  FOUR 
1 5 8  9 0  N INE 
1 5C 60 S I X  
1 50 FO -OVERFLOW 
1 5E 
1 5F 8 0  EIGHT 
1 6 0  DO BLANK. 
1 6 1  
1 6 2  10 ONE. 
1 63 70 SEVEN. 
1 64 A 4  WRAH L D  Rb 
1 6 5  23 SRC P 1  
1 66 EO HRM 
1 6 7  63 I N C  63  
1 6 8  A 5  LO R5 
1 69 2 3  SRC Pi 

1 68 63 I N C  R3 
1 6C CO BBL 
1 60 EO +OVERFLOW. 
1 6E 

1 6A EO n w  

I 6F ZERO. 
1 7 0  BO MINUS. 
1 7 1  
1 7 2  
1 7 3  30 THREE. 
1 7 4  
1 7 5  
1 7 6  
1 77 20 TWO. 
1 7 8  
1 7 9  5 0  F IVE.  
1 7A 40 FOUR. 
1 7 8  90 NINE. 
1 7C 60 SIX. 
1 7 D  FG -OVERFLOW. 

1 7 F  80 EIGHT. 
1 7 E  

DECODE CONVERTS FROM 7 SEGMENT LEO CODE TO 
8CD AND WRITES BCD I N T O  RAMO/REGO/CHARS 4 
THRU F ( T H I S  ROUTINE MUST BE LOCATED AT 
ADDRESSES 4G THRU 7F I N  A PROM -- BECAUSE 
THfi SEGMENT COJES ARE THE AOORESSES) 

USING SEGMENT CODE I N  PO AS ADDRESS FETCH 
INDIRECT BCD CHARACTEiZ I N T O  RA OF P5  
WRITE BCD CHARACTER I N T O  RAM 
INCREMENT RAM CHARACTER ADORESS 
RETURN T O  EXTRACT12 

NOTE THAT I T  I S  ONLY NECESSARY TO USE 5 OF 
THE 7 SEGMENTS T O  DECOOE INTO BCD 

WRAH IS CALLED B r  SUBROUTINES TPOS ANO RPOS 
TO WRITE TWO BCO CHARACTERS CONTAINEO I N  R 4  
AN0 R5 I N T O  RAM AND IS IMBEDDED I N T O  
SUBROUTINE DECODE ONLY TO HAUE USE OF BLANK 
SPACES THAT ARE I N  JE,ODE BY NECESSITY 

RETURN TO TPOS OR RPOS 
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1 80 22 TPOS F I M  P i  
1 d l  33 3 3  
1 0 2  
1 8 3  24 FIM P2 
1 84 07 0 7  
1 65 5 1  JMS - 
1 8 6  64 - WRAM 
1 87 24 T I M  P2 
1 88  5A 5 A  
1 09  5 1  JHS - 
1 8A 6 4  - WRAfl 
1 88 24 F I H  PZ 
1 8C 4 6  4 6  
1 B O  51 JMS - 
1 8 E  6 4  - WRAM 

1 99 b 3  0 3  
1 9 1  5 1  JflS - 
1 9 2  64 - WRAM 

1 94 ?A 7 A  

1 9 6  6 4  - WRAM 
1 97 24 F I H  PZ 
1 98 85 8 5  
1 99 5 1  JMS - 
1 9A 6 4  - MRAM 
1 98 2 4  F I M  P2 
1 9 c  0 0  
1 90 5 1  JMS - 
1 9E 64 - WRAM 
1 9F CO BBL 
1 A0 22 EXTRACT12 F I M  P i  
1 A 1  0 4  0 4  

1 A3 30 3 0  
1 A4 26 F I M  P 3  
1 A5 8 1  8 1  
1 A 6  20 F I f l  P 4  
1 A7 ir4 0 4  
1 A8 23 NEXTDIGIT SRC P i  
1 A 9  A7 LO R7 
1 A A  F4 CHA 
1 AB E 2  WRR 
1 A C  25 SRC P 2  
1 A 0  A 6  LO R 6  
1 AE F4 CMA 
1 AF E2 WRR 

1 E1 EA RDR 
1 B2 F 4  CHA 
1 8 3  F5 RAL 
1 8 4  1 A  JCN CO 
1 8 5  BO - TESTOIGIT 
1 86 EA RD R 
1 5 7  Bo XCH RJ 
i a8 23 SRC P i  
1 E9 EA ROR 
1 EA B 1  XCH R 1  
1 BE 5 1  JUS - 
i ac 45 - OECOOE 
1 BO 6 7  I N C  G7 
1 BE 73 I S Z  R 3  
1 BF A8 - NEXTDIGIT 

1 8F 2 4  mi P Z  

1 93 2 4  F I n  PZ 

1 9 5  5 1  Jns - 

1 A2 2 4  FIn PZ 

i ao FO TESTDIGIT CLB 

TPOS WRITES POSIT ION OF TRANSMITTER INTO 
RAM --- I N  T H I S  CASE WALLOPS ISLAND, VA. 
LONGITUOE = 75.469 LATITUOE = 37.85 

WRITE 0 7  INTO RAM 

WRITE 5 .  INTO RAM 

WRITE 4 6  INTO RAM 

WRITE 0 3  INTO RAH 

WRITE 7. INTO RAH 

HRITE 8 5  INTO R A M  

WRITE 0 0  INTO RAM 
RETURN T O  MAIN PROGRAY 
EXTRACT12 EXTRACTS THE 12 D I G I T  RESULT FROM 
THE MATH CHIPI OECOOES I T  AND STORES BCO 
CHARACTER I N  RAMO/REGO 

O I G I T  DATA REQUEST CODES 819 8 2 9  8 3 9  ETC. 

TO SELECT RAMO/REGO/CHARS4 THRU F FOR BCO 
STORAGE 

WRITE OUT D I G I T  REQUEST CODES 

L.S.P. OF O I G I T  REQUEST CODE TO OUTPORT 0 
H.S.P. OF O I G I T  REQUEST COO€ T O  OUTPORT 3 

110 PORTS 3 S T I L L  SELEGTEO --- READ INPORT 
NUMBER 3 

IS AVAILABLE --- I F  NOT CONTINUE TESTING 
I F  8 B I T  IS P O S I T I V E  INEG. LOGIC 0)  D I G I T  

110 PORTS 3 S T I L L  SELECTEO --- READ M.S.P. 
OF SEGMENT COOE FROH INPORT 3 AN0 STORE I T  
I N  RO 

AN0 STORE I T  I N  R l  
DECODE SEGMENT COOE AN0 STORE BCO CHARACTER 
IN RAM 

REA0 L.S.P. OF SEGMENT CODE FROH INPORT 0 

INCREHENT L.S.P. OF D I G I T  REQUEST COOE 

I F  ALL 12 CODES HAVE BEEN SENT 
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1 CA 2 4  
1 CB 2 0  
1 CC 26 
1 CD 
1 CE 2 8  
1 CF 04 
1 00  25 RRAH 
1 01  A7 
1 02 F4 
1 03 E 2  
1 04 2 9  
1 0 5  E 9  
1 06 2 3  
1 07 F4 
1 O B  E 2  
1 09 67 
1 DA 79 
1 OB DO 
1 DC co 
1 DO 
1 DE 
1 OF 
1 EO A A  TESTNIS 
1 E l  F 5  
1 EZ 12 
1 E 3  E9 
1 E4 2A NORTH 
1 E5 
1 E 6  F6 
1 E 7  BA 
1 E 6  CO 
1 E 9  2A SOUTH 
1 EA OB 
1 EB F 1  
1 EC F b  
1 ED BA 
1 E €  CO 
1 EF 
1 FO 
1 F i  
1 F 2  2C DELAY40 
1 F 3  
1 F4 2E 
1 F 5  AU 
1 F6 7C F I R S T  
1 F7 F 6  
1 F 8  70 
1 F9 F 6  
1 FA 7E 
1 F B  F6 
1 FC C4 
1 FO 
1 F E  
1 FF 

1 co eo 
1 C l  
1 c2 
1 c3 
1 c4 
1 c 5  
1 C6 
1 c 7  
1 C6 22 OISPLAYRAH F I H  P i  
1 c9 10 i o  

F I H  P2 
2 0  
F I H  P3  
0 0  
F I H  P 4  
0 4  
SRC P 2  
LO R7 
CMA 
WRR 
SRC P 4  
RDH 
SRC P i  
CHA 
W RR 
I N C  R7 
I S Z  R 9  - RRAH 
BaL 

LO RA 
RAL 
JCN C l  - SOUTH 
F I H  P5  
a 0  
RA R 
XCH R A  
BBL 
FXH P5 
O B  
CL c 
RA R 
XCH RA 
BBL 

F I H  P6  
O I I  
F I H  P7 
A 0  
I S Z  R C  - F I R S T  
IS2 RD - F I R S T  
I S 2  RE - F I R S T  
BEL 

RETURN T O  M A I N  PROGRAM 

DISPLAYRAM DISPLAYS MATH CHIP  OUTPUT ON 
LEOS. OUTPUT I S  STORED I N  RAMO/REGO/CHARS 
4 THROUGH F 
TO SELECT OUTPORT NO. 2 FOR STROBE OUTPUT 
I N I T I A L I Z E  STROBE TO ZERO 

TO SELECT RAHO/REGO/CHARACTERS 4 THRU F 

MRITE STROBE TO OUTPORT 2 --- STROBE I S  
OUTPUT BEFORE DATA BECAUSE OF LATCHED 
MICROPROCESSOR OUTPUT PORTS --- PREVENTS 
CHARACTERS FROn BEING SHIFTED ON DISPLAY 
LEOS 

SELECT9 READ9 WRITE RL\M CHAR TO OUTPORT 1 
INCRENENT STROBE 

INCREMENT RAM CHARACTER ADDRESS 
RETURN TO MAIN PROGRAM 

TESTNIS  TESTS NORTH/SOUTH LATITUOE SHITCH 
WHICH I S  CONNECTED TO LONGITUOE 100s 
POSITION a BIT. IF = a LATITUOE IS NORTH 

I F  = 1 LATITUDE I S  SOUTH 
SET R B I  LATITUOE CHS CHAR. = 0 FOR NORTH 

S H I F T  LONG. 100s CHAR. BACK TO NORMAL AND 
STORE BACK I N T O  RA 
RETURN TO RPOS 
SET RBI LAT ITUDE CHS CHAR. = B FOR SOUTH 

CLEAR SOUTH LATITUDE I N O I C A T I O N  

STORE BACK I N T O  RA 
RETURN TO RPOS 

S H I F T  LONG. 100s CHAR. BACK TO NORMAL AND 

DELAY40 PROVIDES THE k d  MILLISECONDS 
DELAY REUUIREO BETWEEN ENTRIES OF KEY 
STROKE CODES INTO MATH C H I P  

RETURN TO INPUTKC 



2 0 0  
2 Jl 
2 d2 
2 0 3  
2 0 4  
2 0 5  
2 36 
2 G7 
2 S t )  2 8  INCREMENT F I H  PC 
2 09 0 6  
i O A  24  SRC P.r 
2 JB  EC ROO 
2 & C  FZ I A C  
2 OD E 4  WRO 

2 UF 2b 00D/EV F I M  Pu 
2 10 O G  
2 11 29 SRC P 4  
2 1 2  EC ROO 
2 13 F6 RA R 
2 1 4  1 A  JCN Ci) 
2 15 1 A  - EVEN 
2 16 F 5  000 RAL 
2 1 7  01 LON 1 
2 1 8  88  XCH R 8  

2 1 A  F 5  EVEN RAL 
2 i a  03 LOH 3 
2 1 C  86 XCH R 3  
2 1 0  cc BBL 
2 1E 
2 1 F  
2 26  22  RPOS F I H  P 1  
2 2 1  13 1 3  
2 2 2  26 F I H  F3 
2 2 3  01 0 1  
2 2 +  2 6  F I H  P 4  
2 25  10 1 6  
2 2 6  5 2  JHS - 
2 2 7  67 - REAOL/L 
0 2 8  5 1  JHS - 
II 23  EO - TESTN/S 
2 2A A A  LO RA 

2 2C 52 JMS - 
2 20 6 7  - REAOLIL  
2 2E A A  LO RA 
2 2~ a5 XCH R4 
2 3 0  5 1  JHS - 
2 31 64 - W3AH 
2 3 2  52 JMS - 
2 3 3  67 - READL/L 
2 3 4  A A  LD RA 
2 3 5  84 XCH R4  
2 36 O A  LDM A 
2 37 85 XCH H 5  
2 38  5 1  JHS - 
2 39 64 - H K A M  
2 3A 5 2  JHS - 
2 3 8  67 - READL/L 
2 3C A A  LO RA 
2 30 84 XCH R4 
2 3 E  52 JMS - 
2 3F 67 - R t A D L / L  

2 OE co B a L  

2 1 9  c(i B ~ L  

2 2 a  5 4  xcn c r ~  

INCREMENT INCREMENTS THE NUMaER STORE0 I N  
RAMOIKEGO STATUS CHARACTER WHICH RECORDS 
NUMbEK OF PASSES THRU PROGRAM --- 0 0 0  OR 
EVEN PASSES DETERMINE WHETHER TRANSMITTER 
DR RECEIVER P O S I T I O N  WILL BE USED I N  THE 
OELAY CALCULATION 

READ STATUS CHARACTER I N T O  ACCUMULATOR 

I(UCREMEN1 AZCUMULATOR 
WRITE ACCUMULATOt? BACK I N T O  STATUS CHAR 
RETURN TO M A I N  PROGRAY 

READ STATUS CHARACTER I N T O  ACCUMULATOR 

TEST I F  NUMBER I N  STATUS CHARACTER I S  ODD 
OR EVEN 

IF ODD SET RO =1 CAUSES USE OF RECEIVER 
P O S I T I O N  DATA STOHED I N  RAM 
RETURN TO MAIN PROGRAM 

I F  EVEN SET R J  = 3  CAUSES USE OF TRANSMITTER 
P O S I T I O N  DATA STOiED I N  RAM 
RETURN TO MAIN PROGRAM 

RPOS WRITES RECEIVER P O S I T I O N  I N T O  RAHO/ 
REGI/CHARACTERS 3 THRU F AFTER READING I T  
FROM THUMBWHEEL SWITCdES 
TO SELECT RAHU OUTPUT PORT --- K 7  = STROBE 

TO SELECT INPORT 1 (LONG/LAT DATA) 

TEST LONGITUDE 190s CHARACTER 8 B I T  FOR 0 
OR 1 FOR NORTH OR SOUTH LATITUOE 

REAL) 2 RECEIVER LONG/LAT SWITCHES AN0 STORE 
2 P O S I T I O N  CHARACTERS I N  RAM 

STORE 1 P O S I T I O N  CHARACTER + DECIMAL POINT 
I N  RAN 

STORE 2 P O S I T I O N  CHARACTERS I N  RAM 
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2 4lj A A  
2 41 8 5  
2 42  5 1  
2 43  64 
2 44 00 
2 4 5  B4 
2 46 5 2  
2 4 7  6 7  
2 4 8  A A  
2 4 9  0 5  
2 4A 5 1  

2 4C 5 2  
2 40 6 7  
2 4 E  A A  
2 4F  8 4  
2 5 0  OA 
2 5 1  0 5  
2 5 2  5 1  
2 5 3  64  
2 5 4  52 
2 5 5  6 7  
2 5 6  A A  
2 57 84 
2 5 0  52  
2 5 9  67 
2 5A & A  
2 5 B  8 5  
2 5 c  5 1  
2 5 0  64 
2 5 i  AB 
2 5F 6 4  
2 60 00 
2 01 B5 
2 b 2  5 1  
2 6 3  64 
2 64 CU 
2 6 5  
2 b6 
2 6 7  27 REAOL/L 
2 0 0  A 7  
2 6 9  F 4  
2 bA El 
2 6i) 29 
2 6C EA 
2 60 BA 
2 6 E  6 7  
2 6F CO 
2 70  22 OELAYGEN 
2 7 1  05 
2 7 2  24 
2 7 3  4 c  
2 74  2 3  NEXTCHAR 
2 7 5  E9 
2 7 6  25 
2 7 7  F 4  
2 7 0  E 2  
2 7 9  6 3  
2 7 A  b4 
2 7 8  75  
2 7 c  74  
2 70  CO 
2 7E 
2 7F 

2 4a 6 4  

L O  R A  
XCH I?> 
JMS - - WRAM 
LDM 0 
XCH R4 
JMS - - REAOL/L 
LO RA 
XCH R5 
JHS - - WRAH 
JHS - - REAOL/L 
LO R A  
XCH R4 
LDM A 
XCH ii5 
JMS - - WAAM 
JMS - - i?EAOL/L 
LO RA 
XCH R 4  
JHS - - READL/L 
LO R A  
XCH R5 
J M S  - - WRAH 
LO R e  
XCH R 4  
Lon 0 
XCH A5 
JMS - - WRAM 
BBL 

SRC P3 
LO R7 
CMA 

SRC P 4  
ROR 
XCH RA 
I N C  R7 
BBL 
F I H  P i  
0 5  
F I M  P2 
4 c  
SRC P i  
ROM 
SRC PZ 
CMA 
WRR 
I N C  RJ 
I N C  fi4 
ISZ R5 - NEXTCHAR 
BBL 

nMP 

STORE CHS + 1 POSIT ION CHARACTER I N  RAM 

STORE 1 P O S I T I O N  CHARACTER + DECIMAL POINT 
I N  RAM 

STORE 2 P O S I T I O N  CHARACTERS I N  RAM 

STORE LATITUDE CHS CHARACTER, WHICH WAS 
SAUED I N  RB BY ROUTINE TESTN/S( I N  RAM 

RElURN TO MAIN PROGRAM 

READLIL  WRITES STROBE T O  RECEIVER LONGITUDE 
L A T I T U 3 E  THUMBWHEEL SWITCHES V I A  RAM0 
OUTPORT AND READS I N  POSIT ION 

REAO LONG/LAT CHARACTER FROM INPORT 1 

TRANSFER LONGILAT CHAZ T O  RPOS V I A  RA 
INCREMENT STROBE 
RETURN TO RPOS 
OELAYGEN OUTPUTS r( CHARACTER DELAY 
GENERATOR SETTING T O  DELAY GENERATOR 
TO SELECT OUTPORT 4 AND SET UP 4 CHARACTER 
COUNTER 
READ K4M CHARACTER 

WRITE CHARACTER T O  OUTPORT 4 

INCREMENT RAM CHARACTER ADDRESS 
INCRENENT NUMBER OF OUTPORT 
INCREMENT RAM CHARACTER COUNTER 

RETURN T O  RPOS 
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c: si 2 2  SPOS 
2 b l  20 
2 0 2  2 4  
2 8 3  43 
2 8 4  2 6  

2 a6  25  REAOS 
2 d ?  EA REAOStL 
E d o  F1 
2 0 9  95 
2 O A  1C 
2 8 9  07 
2 dC 2 3  
2 60 E A  
2 8k 27 
2 0F EO 
2 4C 77 
2 31 66 
2 9 2  22 
2 93 13 
2 9 4  24 
2 9 5  zti 
2 96 00 
2 9 7  Bb 

2 94  EO 
2 9A OA 

2 9c EO 
2 YD 65 
2 9E DE 
2 9 F  86 
2 A0 52 
2 A 1  El) 
2 A2 23 
2 A3 FG 
2 A 4  E9 
2 A5 63 
2 A 6  F 6  
2 A 7  I A  
2 A8 AU 
2 A5 DO P O S I T I V E  
2 A A  B8 
2 AB 42 
2 AC AF 
2 AG CB MINUS 
2 AE d 8  
2 AF 3F NEXT 
2 BO 86 
2 9 1  5 2  

2 83 O A  
2 84 2 5  
2 85 EO 
2 a6 65 
2 87 
2 Bb O€ 
2 39 B6 
2 BA 52 
2 BB EO 
2 BC A8 
2 60 25 
2 BE EO 
2 BF 65 

2 85  13 

2 9 a  52 

2 sa 25 

2 az EO 

F I M  P i  
2 0  
F I M  P2 
4 3  
F I M  P3 
1 :  
SRC FZ 
RO R 
CLC 
SUB R 5  
JCN A 1  - RhAOS+l 
SRC P 1  
ROR 
SRC P3 
HRM 
I S Z  R 7  - R E A O S  
F I M  P 1  
1 3  
F I M  P2  
2 G  
L O M  0 
XCH Rb 
JMS - - NCHARS 
L O M  A 
SRC P 2  

I N C  R5 
L O M  E 
XCH R6 
JMS - - NCHARS 
SRC P i  
CL B 
RO M 
XNC R 3  
RA R 
JCN CJ - MINUS 
L O M  G 
XCH R6 
JUN - - NEXT 
LDM B 
XCH R 9  
LDM F 
XCH R6 
JMS - - NCHARS 
LDM A 
SRC P2 
YRM 
I N C  G5 

wun 

LOM E 
XCH R6 
JMS - - NCHARS 
LO RB 
SRC P2 
WRM 
I N C  R 5  

SPOS READS SATELLITE 'OSITION INFORMATION 
FROM OECOGER MICROPROCESSOR AND STORES I T  
I N  RAMO/REGl TEMPORARILY THEN LATER 
TRANSFERS I T  TO REGZ 

T O  SELECT RAMO/REGl/CHARACTERS 3 THRU F 

TEST OECOOER MICROPROCESSOR RAM OUTPUT PORT 
FOR 3 --- I F  NOT FOUNO KEEP TESTING --- I F  
FOUNO READ DECODER OUTPORT 1 CONNECTEO T O  
oELAY MICROPROCESSO& INPORT 2 

RLAD S A T E L L I T E  P O S I T I 3 N  OATA FROM INPORT 2 

H R I T E  S A T E L L I T E  POSITION O A l A  INTO RAMO/ 
R k  G1 
I F  13 S A T E L L I T E  P O S I T I O N  CHARACTERS HAVE 
BEEN WRITTEN INTO RAM G O  ON TO TRANSFER 
THEM FROM GEGl  TO REGZ AN0 INSERT GECIMAL 
POINTS AND CHS WHERE NECESSARY 

TO SELECT RAMO/REGZ/CHARACTERS 0 THRU F 

TRANSFER 3 CHARACTERS FROM RAM REG1 TO REG2 

WRITE DECLFAL POINT ( A )  I N T O  REG2 

TRANSFER 2 CHARACTERS FROM RAM R E G l  TO REG2 

I F  6 T H  CHARACTER I N  RAM R E G l  1 B I T  = 0 THEN 
S I G N  I S  - 
IF 6TH CHARACTER I N  RAM R E G l  1 B I T  NOT = C 
SAVE R 6  = 0 FOR + SIGV 

IF 61H CHARACTER I N  RAM R E G l  1 B I T  = 0 
SAVE R6  = B FOR - SIGN 

TRANSFER 1 CHARACTER FROM RAM R E G l  TO REG2 

WRITE OECIMAL POINT ( A )  I N T O  RAM REG2 

TRANSFER 2 CHARACTERS FROM RAM R E G l  TO REG2 

WRITE 0 OR a SAVED I N  R 8  I N T O  REG2 FOR + OR 
ens 
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Z CJ 2 3  
2 C 1  FO 
2 c 2  € 9  
2 c 3  63 
2 C4 F 6  
2 C5 1 A  
2 C6 CB 
2 C7 00 P O S I T I V E  
2 C8 00 
2 C9 42 
Z C A  C D  

2 CC 08 
2 CD OD NEXT 
2 CE 06 
2 CF 5 2  
2 00 EO 
2 0 1  O A  
2 0 2  2 5  
2 0 3  C O  

2 O r  6 5  
2 6 5  A8 
2 06  25 
2 D7 EO 
2 00 CC 
2 D 9  
2 DA 
2 OB 
2 oc 
2 OD 
2 DE 
2 CIF 
2 EO 23 NCHARS 
2 El E 9  
2 E 2  F 4  
2 E 3  2 5  
2 E 4  EO 
2 E5 63 
2 E 6  65 
2 E 7  76 
2 € 8  EO 

2 EA 
2 E 0  
2 EC 
2 EO 
2 EE 
2 EF  
2 FO 
2 Fi 
2 F 2  
2 F 3  
2 F4 
2 F 5  
2 F6 
2 F7 
2 F8 
2 F9 
2 FA 
2 FB 
2 FC 
2 FD 
2 F E  
2 F F  

2 ca  OB MINUS 

2 ~9 ca 

SRC P1 
CL 8 
RO M 
I N C  R3 
RA R 
JCN CG - f l INUS 
L O M  0 
XCH R8 
JUN - - NEXT 
L O M  B 
XCH R t l  
L O M  0 
XCH Rb 
JMS - - NCtiARS 
LOM A 
SRC Pi? 
HRM 
I N C  U 5  
LO R0 
SRC P 2  
HRM 
BBL 

SRC P I  
RDM 
CMA 
SRC PZ 
WRM 
I N C  R 3  
I N C  G 5  
I S 2  Rb - NCHARS 
88L 

I F  l O T H  CHARACTER I N  RAM R E G l  I B I T  = O  T H i N  
S I G N  IS - 
IF I J T H  CHARACTEd I N  % A M  R E G l  1 B I T  NOT = 0 
SAVE RB = 6 FOX + SIGN 

IF 1CTH CHARACTER I N  RAM R E G l  I B I T  = 0 
SAVE R0 = 6 FOR - SIGY 

TRANSFER 3 CHARACTEiZS FROM RL\M RkG1 TO REG2 

WRITE OECIRAL POINT d I & O  I N T O  RAM REG2 

WRITE 0 OR B SAVE9 I N  R 8  I N T O  REG2 FOR + OR 
CHS 
RETURN T O  M A I N  PROGRAH 

NCHARS TRANSFERS A S P E C I F I E D  NUMBER OF 
S A T E L L I T E  POSITION CHARACTERS FROM RAMO/ 
REG1 TO REG2 

INCREMENT RAM REG1 CHARACTER ADDRESS 
INCREMENT RAM REG2 CHARACTER ADDRESS 

INCREMENT NUMBER OF C4ARACTERS COUNTER 
RETURN T O  SPOS 
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3 00 3c 
3 01 3c 
3 02 23 
3 03 27 
3 u4 38 
3 05 32 
3 Ob 24 
3 07  28 
3 08 32 
3 09 24 
3 O A  28 
3 08 37 
3 OC 32 
3 OO 29 
3 OE 29 
3 OF 27 
3 10 38 
3 11 31 
3 12 24 
3 13 31 
3 14 27 
3 15 22 
3 16 37 
3 17 27 
3 18 38 
3 19 16 
3 1 A  21 
3 1 B  I A  
3 1c 19 
3 1 D  12 
3 1E 15 
3 1F 18 
3 20 28 
3 21 zc 
3 22 1 A  
3 23 24 
3 24 37 
3 25 22 
3 26 13 
3 27 11 
3 20 21 
3 29 13 
3 2A 12 
3 28 14 
3 2C 1 A  
3 20 17 
3 2E 2c 
3 ZF 1 A  
3 30 27 
3 31 36 
3 32 22 
3 33 27 
3 34 22 
3 35 27 
3 36 22 
3 37 21 
3 38 11 
3 39 1 2  
3 3A 27 

3 3c 22 
3 30 14 
3 3E 11 
3 3f 11 

3 38 28 

CAICE 
CA/CE - - 
STO 
cos 
X 
t 
cos 
X 
( 
RC L 
cos 
) 
1 

ST 0 
S I N  
X 
S I N  

- - 

- - 
+ 
RC L 

STO 
5 

9 
0 
1 
4 
7 
CH S 
E€ 
9 
X 
RCL 
4 
2 
0 

2 
1 
3 
9 
6 
€E 
9 

SQRT 

- 

e 

- 
+ 
= 
+ - - 
+ 

G 
1 

CHS 

3 
0 
0 

x 

+ 

PROM 3 I S  USED FOR KEY STROKE CODE STORAGE 
ENTER LONGITUOE OF S A T E L L I T E  
ENTER LONGITUOE OF TRANSMITTER OR RECEIVER 

ENTER LATITUOE OF TRANSHITTER OR RECEIVER 

ENTER LATITUOE OF S A T E L L I T E  

ENTER LATITUDE OF TRANSMITTER OR RECEIVER 

ENTER LATITUDE OF S A T E L L I T E  

-2RH = -5.98147 X 10**9 

R**2 t H**2 = 20.21396 X 10**9 

ENTER NORMALIZED RANGE OF SATELL ITE 

ENTER TOTAL UP OELAY FROM RAM 

SUBTRACT TOTAL COMPUTE0 DELAY FROM 30000G. 
MICROSECONDS 
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3 40 11 
3 41 11 
3 42 11 
3 43 21 
3 44 27 
3 45 26 
3 46 12 
3 47 21 
3 48 11 
3 49 13 
3 4A 15 
3 40 27 
3 4c 28 
3 40 22 
3 4E 12 
3 4F 11 
3 50 11 
3 51 11 
3 52 11 
3 5 3  ll 
3 54 21 
3 55 27 
3 56 22 
3 57 21 
3 58 11 
3 3 9  11 
3 5A 12 
3 58 27 
3 5c 
3 5 0  
3 5E 
3 5F 
3 60 
3 01 
3 62 
3 63 
3 64 
3 65 
3 66 
3 67 
3 68 
3 69 
3 6A 
3 66 
3 6C 

3 6E 
3 6F 
3 70 
3 71 
3 72 
3 73 
3 74 
3 75 
3 76 
3 77 
3 78 
3 79 
3 7A 
3 76 
3 7c 
3 70 
3 7 E  
3 7F 

3 bD 

0 
0 
0 . - 
X 
1 

0 
2 
4 

CHS 

1 
0 
0 
0 
0 
0 

. 
- - 
+ 

. - - 
+ . 
0 
0 
1 
= 

X 1.024 = R A T I O  BETWEEN OECOOER 
IIICROPROCESSOR CLOCK AND DELAY 
flICROPROCESSOR CLOCK FREPUENCIESI THAT IS 
THE f l IN IMUM DELAY GENERATOR STEP I S  
9.765625 MICROSECONDS AND NOT 10. 
HICROSECONDS 

119 S COflPLEMEN T DELAY 5 ENERATOR SET T I  NG 
BECAUSE OF UP COUNTERS USED I N  DELAY 
GENE RAT OR 

THESE STROKES ARE USED FOR OECIMAL POINT 
ADJUSTMENT OF DELAY GENERATOR SETTING 
CALCULATION 
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3 co 
3 c 1  
3 c 2  
3 c3  
3 c 4  
3 c 5  
3 C6 
3 c 7  
3 C B  
3 c 9  
3 CA 
3 CB 
3 cc  
3 c o  
3 CE 
3 CF 
3 DO 
3 0 1  
3 0 2  
3 03 
3 os 
3 05 
3 06 
3 0 7  
3 OB 
3 09 
3 O A  
3 O B  
3 oc 
3 00 
3 DE 
3 OF 
3 EO 2 2  KCPROH 
3 E l  
3 E 2  2 4  
3 E 3  30  
3 E 4  3 6  NOP 
3 E 5  5 1  
3 E6 2 6  
3 E7  7 1  
3 E8 EA 
3 E 9  bo 
3 EA F 6  TESTADD 
3 LB A8 
3 EC 90 
3 ED 1c 
3 EE E4  
3 EF FO 
3 FO A9 
3 F 1  9 1  
3 F 2  1C 
3 F3  E4 
3 F4 CO 
3 F 5  
3 F6 
3 F 7  
3 F 8  
3 F 9  
3 FA 
3 F B  
3 FC 
3 FD 
3 FE 
3 F F  

LOCATIONS 80 THRU BF ARE BLANK AN0 HAVE BEEN OMITTED 
FROM T H I S  L I S T l N G  

F I H  P 1  
o i l  
F I M  P 2  
3 0  
F I N  P3  
JHS - - INPUTKC 
IS2 R l  - TESTA00 
I N C  RO 
CLB 

SUB RO 
JCN A i  - HOP 
CLB 
LO R9 
SUB R 1  
JCN A 1  - NOP 
BBL 

LO ua 

KCPROM ENTERS SPECIF IED KEY CODES STORED I N  
PROM 
TO SELECT 110 PORTS 3 

KEY COOE AOORESS I S  I N  PO* KEY CODE WILL BE 

WRITE NOPI WRITE KEY CODE* WAIT FOR DONE 

INCREMENT KEY CODE AOJRESS A2A1 FOR F I N  

STORE0 I N  P3 

TEST KEY CODE AOORESS I N  PO TO SEE I F  LAST 
KEY COOE HAS BEEN EXECUTE0 --- I F  NOT 
EXECUTE NEXT ONE. 

RETURN TO MAIN PROGRAM 
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NBS TECHNICAL PUBLICATIONS 

PERIODICALS 
JOURNAL OF RESEARCH-The Journal of Research 
of the National Bureau of Standards reports NBS research 
and development in those disciplines of the physical and 
engineering sciences in which the Bureau is active. These 
include physics, chemistry, engineering, mathematics, and 
computer sciences. Papers cover a broad range of subjects, 
with major emphasis on measurement methodology, and 
the basic technology underlying standardization. Also in- 
cluded from time to time are survey articles on topics closely 
related to the Bureau’s technical and scientific programs. As 
a special service to subscribers each issue contains complete 
citations to all recent NBS publications in NBS and non- 
NBS media. Issued six times a year. Annual subscription: 
domestic $17.00; foreign $21.25. Single copy, $3.00 domestic; 
$3.75 foreign. 
Note: The Journal was formerly published in two sections: 
Section A “Physics and Chemistry” and Section B “Mathe- 
matical Sciences.” 
DIMENSIONS/NBS 
This monthly magazine is published to inform scientists, 
engineers, businessmen, industry, teachers, students, and 
consumers of the latest advances in science and technology, 
with primary emphasis on the work at NBS. The magazine 
highlights and reviews such issues as energy research, fire 
protection, building technology, metric conversion, pollution 
abatement, health and safety, and consumer product per- 
formance. In addition, it reports the results of Bureau pro- 
grams in measurement standards and techniques, properties 
of matter and materials, engineering standards and services, 
instrumentation, and automatic data processing. 

Annual subscription: Domestic, $12.50; Foreign $15.65. 

NONPERIODICALS 
Monographs-Major contributions to the technical liter- 
ature on various subjects related to the Bureau’s scientific 
and technical activities. 
HandbooktRecommended codes of engineering and indus- 
trial practice (including safety codes) developed in coopera- 
tion with interested industries, professional organizations, 
and regulatory bodies. 
Special Publications-Include proceedings of conferences 
sponsored by NBS, NBS annual reports, and other special 
publications appropriate to this grouping such as wall charts, 
pocket cards, and bibliographies. 
Applied Mathematics Series-Mathematical tables, man- 
uals, and studies of special interest to physicists, engineers, 
chemists, biologists, mathematicians, computer programmers, 
and others engaged in scientific and technical work. 
National Standard Reference Data Series-Provides quanti- 
tative data on the physical and chemical properties of 
materials, compiled from the worlds literature and critically 
evaluated. Developed under a world-wide program CO- 
ordinated by NBS. Program under authority of National 
Standard Data Act (Public Law 90-396). 

NOTE: At present the principal publication outlet for these 
data is the Journal of Physical and Chemical Reference 
Data (JPCRD) published quarterly for NBS by the Ameri- 
can Chemical Society (ACS) and the American Institute of 
Physics (AIP). Subscriptions, reprints, and supplements 
available from ACS, 1155 Sixteenth St. N.W., Wash., D.C. 
20056. 
Building Science Series-Disseminates technical information 
developed at the Bureau on building materials, components, 
systems, and whole structures. The series presents research 
results, test methods, and performance criteria related to the 
structural and environmental functions and the durability 
and safety characteristics of building elements and systems. 
Technical Notes-Studies or reports which are complete in 
themselves but restrictive in their treatment of a subject. 
Analogous to monographs but not so comprehensive in 
scope or definitive in treatment of the subject area. Often 
serve as a vehicle for final reports of work performed at 
NBS under the sponsorship of other government agencies. 
Voluntary Product Standards-Developed under procedures 
published by the Department of Commerce in Part 10, 
Title 15, of the Code of Federal Regulations. The purpose 
of the standards is to establish nationally recognized require- 
ments for products, and to provide all concerned interests 
with a basis for common understanding of the characteristics 
of the products. NBS administers this program as a supple- 
ment to the activities of the private sector standardizing 
organizations. 
Consumer Information Series-Practical information, based 
on  NBS research and experience, covering areas of interest 
to the consumer. Easily understandable language and 
illustrations provide useful background knowledge for shop- 
ping in today’s technological marketplace. 
Order above NBS publications from: Superintendent of 
Documents, Government Printing Office, Washington, D.C. 
20402. 
Order following NBS publications-NBSIR’s and FIPS f r o m  
the National Technical Information Services, Springfield, 
V u .  22161. 
Federal Information Processing Standards Publications 
(FIPS PUB)--Publications in this series collectively consti- 
tute the Federal Information Processing Standards Register. 
Register serves as the official source of information in the 
Federal Government regarding standards issued by NBS 
pursuant to the Federal Property and Administrative Serv- 
ices Act of 1949 as amended, Public Law 89-306 (79 Stat. 
1127), and as implemented by Executive Order 11717 
(38 FR 12315, dated May 11, 1973) and Part 6 of Title 15 
CFR (Code of Federal Regulations). 
NBS Interagency Reports (NBSIRkA special series of 
interim or final reports on work performed by NBS for 
outside sponsors (both government and non-government). 
In general, initial distribution is handled by the sponsor; 
public distribution is by the National Technical Information 
Services (Springfield, Va. 22161) in paper copy or microfiche 
form. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 

The following current-awareness and literature-sorvey bibli- Superconducting Devices and Materials. A literature survey 

issued quarterly. Annual subscription: $30.00. Send subscrip- 
tion orders and remittances for the preceding bibliographic 
services to National Bureau of Standards, Cryogenic Data 

Center (275.02) Boulder, Colorado 80302. 

ographies are- issued periodically by the Bureau: 
Cryogenic Data Center Current Awareness Semce. A litera- 

ture survey issued biweekly. Annual subscription: Domes- 
tic, $25.00; Foreign, $30.00. 

Liquilied Natural Gas. A literature survey issued quarterly. 
Annual subscription: $20.00. 




